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PREFACE 


F.  S.  Williams  and  W.  Trapp* 


In  1957,  the  President  of  the  United  States  and  the  Prime 
Minister  of  Great  Britain  made  a  "Declaration  of  Common  Purpose". 
Subsequently  the  Canadian  and  Australian  governments  also  sub¬ 
scribed  to  this  document.  The  Declaration  emphasized  the 
principle  of  interdependence,  based  on  the  concept  that  the 
resources  of  the  three  countries,  and  in  particular  their 
skilled  scientific  and  technical  manpower,  could  be  used  to 
much  greater  advantage  if  closer  collaboration  could  be  achieved. 
Accordingly,  provisions  were  made  under  this  Declaration  to  ex¬ 
change  non-atomic  information  exchange  considerations. 

From  this  Declaration  of  Common  Purpose  there  has  emerged 
"The  Technical  Cooperation  Program",  the  primarv  obiectives  of 
which  is  to  eliminate  wasteful  duplication  of  Defense  research 
and  development  effort.  A  sub-committee  reviews  the  obiectives, 
the  resources  emploved,  and  the  progress  achieved  in  the  four 
countries.  It  formulates  proposals  designed  to  obtain  the 
maximum  cooperation  and  optimum  employment  of  the  resources  at 
hand.  It  also  tries  to  insure  complete  and  continuous  inter¬ 
change  of  information  among  the  four  countries  in  the  specified 
fields  of  research  and  development. 

As  part  of  the  organization  of  the  TTCP ,  a  Sub-Group  on 
Materials  was  established  i-zhich  has  within  it  the  Working 
Panel  on  Methods  of  Test  and  Evaluation,  the  sponsor  of  the 
svmposium  described  in  these  proceedings.  The  establishment 
of  the  Sub-Group  on  Materials  derived  from  full  recognition 
that  advances  in  performance  of  weapon  systems  and  supporting 
equipment  were  increasingly  dependent  upon  the  improvement  in 
the  knowledge  of  the  properties  and  applications  of  materials 
and  on  the  improvement  of  the  materials  themselves.  The 
ability,  however,  to  readily  translate  improvements  in  prop¬ 
erties  of  materials  into  im.provements  in  the  performance  of 
a  system  is  dependent  upon  the  validity  of  the  method  of 
characterizing  or  testing  the  material. 

While  there  is  an  almost  limitless  variety  of  test  methods 
in  use  for  characterizing  a  material,  there  is  very  limited 
information  available  to  show  the  significance  of  the  test  bv 
relating  variations  in  the  material  property  to  variations  in 
the  service  performance  of  the  component  or  system.  Improve¬ 
ments  in  technigues  of  correlation  would  do  much  to  stem  the 
rising  cost  of  test  and  evaluation. 


*F.  S.  Williams,  Chairman  Working  Panel  on  Methods  of  Test  and 

Evaluation 

W.  Trapp,  Chairman,  Symposium  Committee 


The  Panel  came  to  the  conclusion  that  it  should  solicit 
examoles  of  efforts  expended  to  relate  material  prooerties 
to  systems  performance  as  a  means  of  establishing  the  "state 
of-the-art,  in  this  area  and  through  this,  to  stimulate 
scientists  and  engineers  in  materials  and  materials  applica¬ 
tion  oriented  organizations  to  seek  more  meaningful  relation 
ships,  or  correlations  between  laboratory  tests  and  service 
performance . 

With  the  foregoino  as  a  background,  the  svmposium  was 
planned  with  a  view  to  presenting  papers  on  testing  and 
evaluation,  as  applied  to  a  broad  spectrum  of  materials  - 
metallic,  non-metallic ,  and  composite.  The  essential  uni¬ 
fying  theme  or  common  denomination  was  the  "correlation  of 
material  characteristics  with  system  performance". 

The  Working  Panel  on  Methods  of  Test  and  Evaluation 
desire  to  express  its  appreciation  to  all  the  participants 
of  the  svmnosium  for  their  imoortant  contributions. 


RELATIONSHIPS  BETWEEN  SPECIMEN  PERFORMANCE  AND 
STRUCTURE  PERFORMANCE  IN  LOW-CYCLE  FATIGUE 


M.  R.  Gross 

U.  S.  Navy  Marine  Engineering  Laboratory 
Annapolis,  Maryland 


Introduction 


The  existence  of  a  correlation  between  the  behavior  of  simple  laboratory 
specimens  and  the  performance  of  complicated  engineering  structures  is  often 
assumed  but  infrequently  demonstrated.  It  is  the  purpose  of  this  paper  to  com¬ 
pare  the  low-cycle  fatigue  behavior  of  laboratory  specimens  with  that  of  more 
complex  structures  and  components  to  demonstrate  the  existence  and  extent  of 
correlation. 


Tests  and  Results 


The  dimensions  of  the  simple  laboratory  specimen,  results  from  which 
are  used  in  the  comparisons,  are  shown  in  Figure  1.  A  series  of  these  speci¬ 
mens  was  tested  in  flexure  as  cantilever  beams.  The  short  end  of  the  specimen 
was  held  stationary,  while  the  long  end  was  flexed  between  fixed  stops  by  a 
hydraulic  piston.  A  strain  gage  {0.  25-inch  gage  length)  was  attached  to  the 
minimum  test  section  of  the  specimen  to  record  the  longitudinal  strains.  The 
applied  loads  were  obtained  from  weigh-bars  placed  in  the  loading  system. 
Specimens  were  tested  at  various  strain  levels  in  an  air  environment  under 
completely  reversed  conditions.  Information  recorded  during  the  test  was 
load  range,  total  strain  range,  and  number  of  cycles  to  failure.  Failure  was 
defined  as  the  development  of  one  or  more  surface  cracks  3/16-  to  1/4-inch 
in  length. 

There  is  general  agreement  that  low-  and  intermediate -cycle  fatigue  life 
is  total-strain-range  dependent.  ^  Figure  2  is  a  log -log  plot  of  total  strain 
range  (E-p)  versus  number  of  cycles  to  failure  (Nf)  for  a  wide  variety  of  wrought 
specimens  which  differ  greatly  in  basic  alloy  composition  and  strength  level. 
The  results  show  that  in  the  life  range  of  about  100  to  50,  000  cycles,  the  low- 
cycle  fatigue  lives  of  many  common  constructional  alloys  are  similar  when 
compared  on  the  basis  of  total  strain  range. 

Figure  3  is  an  internally  pressurized  box  which  was  developed  by  MEL 
to  study  the  low-cycle  fatigue  behavior  of  a  structural  component  of  greater 
complexity  than  a  simple  laboratory  specimen.  Boxes  have  been  fabricated 
from  a  variety  of  materials  including  both  ferrous  and  nonferrous  alloys.  The 
internal  dimensions  of  the  box  are  5  x  5  x  15  inches.  They  are  constructed 


from  1-inch  thick  plate  welded  together  to  form  the  necessary  dimensions. 

The  boxes  are  cyclically  pressurized  at  a  constant  peak  pressure  sufficiently 
high  to  cause  low-cycle  fatigue  failure. 

Figuie  4  compares  the  box  test  results  with  those  shown  in  Figure  2.  A 
regression  line  having  the  same  slope  and  confidence  limits  as  the  specimen 
data  has  been  constructed  through  the  geometric  mean  of  the  box  data.  It  is 
apparent  that  the  trend  and  dispersion  of  the  box  data  are  similar  to  the  speci¬ 
men  data  despite  differences  in  complexity  and  failure  criteria. 

Figure  5  is  a  photograph  of  one  of  the  pressure  vessels  used  by  the 
Pressure  Vessel  Research  Committee  of  the  Welding  R.esearch  Council  to 
study  low-cycle  fatigue.^  The  results  of  these  tests  are  compared  with  MEL 
specimen  data  in  Figure  6.  Included  are  some  data  obtained  by  the  Babcock 
and  Wilcox  Company  in  Great  Britain.  Except  for  a  "tailing -off"  at  high-cycle 
lives,  the  pressure  vessels  follow  the  same  general  trend  and  dispersion  as 
those  of  the  specimens.  As  for  the  specimens  and  boxes,  the  low-cycle  fatigue 
behavior  of  the  pressure  vessels  seems  to  be  independent  of  variations  in 
composition  and/or  strength  level. 

Figure  7  shows  the  MEL  low-cycle  fatigue  test  facility  used  to  evaluate 
various  70-30  cupronickel  piping  configurations  in  pure  bending.  The  pipe  size 
is  4  inches.  The  piping  test  results  are  compared  with  the  specimen  results 
in  Figure  8.  As  in  the  two  previous  cases,  the  trends  and  dispersions  of  the 
results  are  similar. 


Discussion 


The  results  serve  to  demonstrate  the  enhancement  to  be  gained  in  the 
understanding  and  analysis  of  low-cycle  fatigue  problems  when  dealing  in  terms 
of  strain  rather  than  stress.  All  of  the  strain  data  presented  for  the  structures 
were  obtained  by  dividing  the  nominal  stress  by  the  modulus  of  elasticity.  It  is 
apparent  that  this  simple  normalization  serves  to  place  specimens  and  structures 
on  a  common  basis  over  a  rather  broad  range  of  fatigue  life. 

It  should  be  recognized  that  the  positions  of  the  relationships  in  the  graphs 
are  relative,  and  any  coincidence  of  specimen  and  structure  results  could  only 
be  fortuitous.  One  could  shift  the  relative  position  in  a  relationship  merely  by 
changing  the  criterion  for  failure.  For  example,  if  failure  of  a  structure  were 
defined  as  crack  initiation  rather  than  leakage,  the  relationship  would  be  shifted 
to  the  left.  From  the  present  state-of-the-art,  it  is  impossible  to  establish 
with  any  degree  of  certainty  the  location  of  the  structure  relationship  relative 
to  that  of  the  specimen  without  actually  conducting  a  fatigue  test  of  a  single 
structure  or  model.  On  the  other  hand,  it  would  appear  that  once  having 
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obtained  a  "fix”  from  a  single  test,  one  then  could  predict  with  reasonable 
accuracy  the  expected  low~cycle  fatigue  life  of  a  similar  structure  under 
different  conditions  of  stress  and  strain. 


Conclusions 

On  the  basis  of  the  correlations  examined,  it  is  concluded  that  complex 
structural  configurations  follow  the  same  general  low-cycle  fatigue  relation¬ 
ships  as  those  of  simple  laboratory  specimens.  When  compared  on  the  basis 
of  total  strain  range,  the  low-cycle  fatigue  life  of  both  specimens  and  structures 
appears  to  be  essentially  independent  of  alloy  composition  and/or  yield  strength 
in  the  life  range  of  about  10^  to  10^  cycles.  From  the  observed  correlations, 
it  appears  that  if  one  were  able  to  obtain  a  "fix"  from  a  single  structural  or 
model  test,  it  would  then  be  possible  to  predict  with  reasonable  accuracy  the 
low-cycle  fatigue  life  of  similar  structures  under  different  conditions  of  stress 
or  strain. 
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EVALUATION  OF  HIGH  PERFORMANCE  ROCKET  MOTOR 


CASES  USING  SUB-SCALE  PRECRACKED  MODELS 

C.  M.  Carman 

Pitman-Dunn  Research  Laboratories 
Frankford  Arsenal.  Philadelphia.  Pa. 

INTRODUCTION 


Solid  propellant  rocket  motor  cases  are,  in  essence,  pressure 
vessels  made  of  tiigh  equality  materials.  For  best  performance,  it  is 
necessary  that  these  pressure  vessels  be  made  of  high  strength  ma¬ 
terials  (yield  strength  ^  200,000  psi  steel  equivalent).  Tliis  strength 
may  be  achieved  by  heat  treatment  alone  or  by  a  combination  of  both 
cold  rolling  and  heat  treatment.  Such  materials  are  subject  to  brittle 
failures  as  exemplified  by  early  attempts  to  use  them  in  certain  rocket 
motor  cases. 

To  properly  design  and  fabricate  these  pressure  vessels,  the  de¬ 
signer  must  have  some  insight  as  to  how  these  materials  will  behave 
under  service  conditions.  The  standard  notch  Charpy  impact  test, 
used  successfully  for  studying  lower  strength  materials,  fails  to  give 
meaningful  data  when  applied  to  these  higher  strength  materials.  The 
^^^tpy  impact  values  are  uniformly  low  and  the  transition  temperature 
becomes  ill-defined. 

Since  one  of  the  primary  considerations  in  selecting  high  strength 
materials  for  these  pressure  vessels  is  their  ability  to  resist  crack 
propagation,  a  material  strength  concept  involving  the  effects  of  flaws 
on  structural  integrity  would  be  very  helpful.  Fracture  mechanics  as 
developed  by  Irwin(l)  is  such  a  concept.  A  brief  description  of  this 
theory  is  as  follows. 

In  1920,  GriffithC^)  proposed  that  brittle  bodies  fail  because  of 
the  presence  of  numerous  internal  cracks  or  flaws  which  produce  local 
stress  concentrations.  Griffith  also  stated  that  the  elastic  body 
under  stress  must  pass  from  the  unbroken  state  to  the  broken  state  by 
a  process  during  which  a  decrease  of  potential  (elastic)  energy  takes 
place.  He  proposed  that  the  condition  for  fracture  is  reached  when 
the  increase  in  free  surface  energy  (surface  tension),  caused  by  the 
extension  of  the  crack,  is  balanced  by  the  release  of  elastic  strain 
energy  in  the  volume  surrounding  the  crack.  Mathematically,  this  may 
be  expressed: 


d  (eeR^)  >  d  (2T) 

Bda  —  Bda 

In  ceramics,  and  especially  in  glasses,  hardly  any  deformation 
accompanies  fracture.  This  led  to  the  surface  tension  concept  of 
brittle  fracture.  However,  in  metals,  plastic  deformation  always  takes 
place  and  Griffith's  surface  tension  concept  is  not  suitable.  Both 
Irwin(3)  and  Orowan('^)  independently  came  to  the  conclusion  that  the 
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slight  plastic  flow  which  occurs  in  the  brittle  fracture  zone  absorbs 
a  large  amount  of  additional  energy,  and  must  be  considered  in  deter¬ 
mining  the  energy  required  to  create  new  fracture  surfaces.  On  this 
basis,  it  was  proposed  that  a  work  function  be  substituted  for  the 
surface  tension  terms  as  in  equation  2 

d  (eeBR)c  _ 

Bda  "  BdA  ^  ' 

where  W  =  work  function  which  is  composed  of  two  terms:  (1)  surface 
tension  and  (2)  plastic  deformation. 

Inglis(5)  developed  the  stress  analysis  for  a  through-crack  in  an 
infinite  plate  so  that  equation  2  becomes: 

^  _  f  _  TTq^a  ,2) 

dA  “  ^  "  E 

Recently,  Irwin(^)  has  proposed  that  the  events  at  the  leading 
edge  of  a  crack  can  be  described  in  terms  of  a  parameter,  K,  which  is 
a  function  of  the  local  elevation  of  the  elastic  stress  field  ahead  of 
the  crack.  It  may  be  shown  that; 

EQ  =  k2  (4) 

This  high  elevation  of  stresses  near  the  tip  of  a  crack  should 
receive  the  greatest  attention  since  it  is  at  that  point  that  addition¬ 
al  growth  of  the  crack  takes  place.  Small  amounts  of  plasticity  and 
other  non-linear  effects  may  be  viewed  as  taking  place  within  the  crack 
tip  stress  field  and,  hence,  may  be  neglected  in  the  presentation  of 
the  gross  features. 

The  surfaces  of  a  crack,  since  they  are  stress-free  boundaries  of 
the  body  near  the  crack  tip,  are  the  dominating  influence  on  the 
distributions  of  stresses  in  that  vicinity.  Other  remote  boundaries 
and  loading  forces  effect  only  the  intensity  of  the  local  stress  field. 

The  stress  fields  near  the  crack  tip  can  be  divided  into  three 
basic  types,  each  associated  with  a  local  mode  of  deformation  as  illus¬ 
trated  in  Figure  1.  The  opening  mode,  I,  is  associated  with  local 
displacement  in  which  the  crack  surfaces  move  directly  apart  (symmetric 
with  respect  to  the  x-y  and  x-z  planes).  The  edge  sliding  mode,  II, 
is  characterized  by  displacements  in  which  the  crack  surfaces  slide 
over  one  another  perpendicular  to  the  leading  edge  of  the  crack 
(symmetrical  with  respect  to  the  x-y  plane  and  skew  symmetric  with 
respect  to  the  x-z  plane).  Mode  III,  tearing,  finds  the  crack  surfaces 
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sliding  with,  respect  to  one  another  parallel  to  the  leading  edge  (skew 
symmetric  with  respect  to  the  x-y  and  x-z  planes). 


The  stress  and  displacement  fields  associated  with  Mode  I  have 
been  derived  by  Irwin(7,8)  based  on  the  method  of  Westergaard(9) . 
These  expressions  are  given  in  equation  5; 
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Similar  equations  may  be  developed  for  Modes  II  and  III  but,  in 
general,  specific  crack  tip  stress  field  analyses  are  not  available  for 
these  modes  of  failure. 


However,  fracture  failures  of  structural  components  are  associated 
primarily  with  tensile  (or  opening  mode)  type  stress  system.  When  the 
fracture  is  entirely  a  flat  transverse  tensile  break  with  negligible 
plastic  contraction  parallel  to  the  leading  edge  of  the  crack,  use  of 
the  parameters  Qj  and  Kj  is  appropriate. 


For  a  crack  traversing  a  plate  under  conditions  such  that  plastic 
contraction  of  the  plate  thickness  accompanies  crack  extension,  oblique 
shear  fractures  form  adjacent  to  the  free  surfaces  and,  in  the  absence 
of  a  strain  rate  sensitivity  in  the  flow  stress,  these  tend  to  grow  in 
proportion  to  the  Q  value  as  the  crack  lengthens.  For  a  relatively 
high  degree  of  crack  toughness,  several  plate  thicknesses  of  crack  ex¬ 
tension  from  a  sharp  notch  or  fatigue  crack  produce  enough  growth  of 
the  shear  lip  borders  so  that  a  single  oblique  shear  fracture  there¬ 
after  covers  the  entire  fracture  surface. 

The  mathematical  representation  must,  for  simplicity,  consist  of 
a  linear  elasticity  crack  stress  field  analysis.  Thus,  the  plastic 


yielding  itself  is  not  representable  in  the  stress  field  of  the  basic 
model.  The  best  that  can  be  done  is  to  assume  a  tensile  crack  whose 
length  is  such  that  the  stress  field  of  the  model  most  nearly  fits  the 
real  crack  stress  field  in  the  elastic  region  surrounding  the  crack. 
Recent  work  by  McClintock  and  Irwin(lO)  has  shown  the  original  estimate 
of  the  plastic  zone  size  (r^g  =  )  to  be  an  accurate  description. 


The  accuracy  with  which  the  idealized  stress  field  can  be  fitted 
to  the  real  stress  field  increases  with  the  decrease  of  plastic  zone 
size  relative  to  crack  and  specimen  dimensions.  Thus,  conceptually,  the 
misfit  at  any  fixed  fraction  of  crack  length  relative  to  specimen  width 
can  be  made  as  small  as  desired  by  increasing  crack  and  specimen  dimen¬ 
sions.  When  the  fracture  mechanics  is  applied  to  "mixed  mode"  tensile 
fractures,  the  fracture  mode  subscript  (I,  II,  or  III)  is  omitted  from 
the  Q  and  K  symbols. 

The  U.  S.  Army  Materiel  Command  recently  completed  a  program 
directed  toward  developing  improved  techniques  for  the  fabrication  of 
high  performance,  solid  propellant  rocket  motors.  As  a  result.,Qf  this 
study,  cases  were  fabricated  from  materials  having  intermediate  and 
limited  fracture  toughness.  The  preliminary  experimental  data  are 
discussed  in  these  terms. 


EXPERIMENTAL  PROCEDURE  AND  RESULTS 

Pressure  Veasels  Fabricated- from  Materials  of  Intermediate  Fracture  : 
Toughness.  O  ‘ 

Of  particular  practical  concern  is  the  situation  in  which  the 
fracture  toughness  is  not  quite  sufficient  to  affect  fracture  arrest. 

This  condition  represents  the  highest  strength-to-weight  pressure 
ypssels:  which  can  be  i^de  tpday,>with  a  reasonable  assurance  of  reliabi¬ 
lity.,  <  The.^behavior  of  two  pressure  vessels  will  be  used  to  illustrate 
the  d,nfluenc§nnf! fracture  toughness jon. pressure  vessel  performance 
under  these  conditions. ^ 

r.  .The  f first  example  is., the  production  of  the  seepn‘i“Stage  Pershing 
.  rocket -motor i  cese  . from  P6A  steel  by;  the  Guptias -Wright  Gorporationi 
Thp p general oCopHguratjionrjOf  ithis.froeketamotor  case -is  shown  in  Figure  2. 

,jThe  .manuf aq tur ing  procedure Gonsisted ,  p f  ^f orming  the  center  sec t ion 
by  shear  spinning  from  a  roll  ring  forging.  The  forward  dome  and  raft 
closure  are  machined  forgings.  Two  girth  welds  complete  the  assembly 
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of  the  ends  to  the  center  body.  The  rocket  motor  cases  were  heat 
treated  to  a  yield  strength  of  199,000  psi,  a  tensile  strength  of 
219,000  psi  and  an  elongation  of  7.4  percent. 

Center  crack  fracture  toughness  specimens,  4  in.  wide  by  18  in. 
long  by  0.103  in.  thick,  were  machined  from  this  material.  The  plane 
strain  fracture  toughness,  Kjc,  was  determined  by  pop-in  methods  using 
an  electrical  displacement  gage.  The  fracture  toughness,  Kc,  of  the 
material  was  determined  using  the  same  technique.  These  values  are 
summarized  in  Table  1. 

Irwin(ll)  has  described  a  relative  plastic  zone  size,  3»  equal  to 
K^2/2TTcr  2_  He  has  shown  that  equal  to  2n  will  arrest  a  through- 
crack  whose  length  is  equal  to  twice  the  wall  thickness  (2t  crack). 
Calculation  of  g  from  the  average  value  gave  a  value  of  5.55. 

These  rocket  motor  bodies  were  filled  with  oil  and  hydrotested  at 
-40  F  by  the  Thiokol  Chemical  Company.  After  hydrotest,  the  rocket 
motors  were  filled  with  solid  propellant  and  static  fired  at  -40  F. 

These  pressure  vessels  passed  the  required  service  test  satisfactorily. 

The  second  example  of  pressure  vessels  made  from  materials  having 
intermediate  fracture  toughness  is  the  development  of  a  one-piece  solid 
propellant  rocket  motor  case  by  Lyon,  Incorporated.  The  objective  of 
this  work  sponsored  by  the  U.  S.  Army  Materials  Research  Agency  is  to 
develop  a  rocket  motor  case  which  is  free  of  welds  in  the  stressed  area. 

The  geometric  details  of  the  pressure  vessel  are  given  in  Figure  3. 
The  manufacturing  technique  employed  consisted  of  a  hot  cupping  oper¬ 
ation  to  form  one  end  and  to  start  the  cylindrical  portion.  A  series 
of  cold  drawing  operations  coupled  with  intermediate  anneals  were 
employed  to  form  the  cylindrical  portion.  The  igniter  boss  was  formed 
by  a  hot  punching  operation. 

The  material  selected  for  this  case  was  300M  steel  (C  0.42  percent, 
Mn  0.87,  P  0.007,  S  0.008,  Si  1.61,  Ni  1.68,  Cr  0.87,  Mo  0.43,  V  0.056, 
and  A1  0.054).  The  pressure  vessel  was  quenched  and  tempered  at  600  F. 
The  tensile  properties  developed  are  given  in  Table  2. 

Fracture  toughness  specimens,  3  in.  wide  by  12  in.  long,  were  also 
heat  treated  with  the  pressure  vessel.  The  plane  strain  fracture  tough¬ 
ness,  Kj;^,  was  measured  by  the  pop-in  technique  using  the  electrical 
displacement  gage.  The  fracture  toughness,  K^.,  of  these  samples  was 
also  determined  using  displacement  n^asurements .  These  values  are 
summarized  in  Table  3. 


Fracture  Toughness  of  D6A  Steel  Heat  Treated 
to  200,000  psi  Yield  Strength 
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Table  2 


Tensile  Values  of  30C11  Steel 


Direction 

Yield  Strength 
0.20%  offset 
(psi) 

Tensile  Strength 
(psi) 

Elong. 

(%) 

Longitudinal 

232,200 

283,500 

7.0 

Longitudinal 

232,200 

282,500 

7.0 

Transverse 

236,100 

285,500 

8.0 

Transverse 

232,200 

285,500 

7.0 
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Fracture  Toughness  of  30CM  Steel  Samples 
Heat  Treated  with  Pressure  Vessel 
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Calculation  of  the  3  values  from  the  average  values  gave  a  3q 
of  5.21  in  the  longitudinal  direction  and  3.57  in  the  transverse 
direction. 


The  completed  pressure  vessel  was  placed  in  a  test  fixture  for 
hydrotest.  The  vessel  was  then  pressurized  using  sodium  dichromate 
treated  water.  The  following  test  cycle  was  planned: 

1.  Load  to  560  psi  in  five  100  psi  increments  and  one  60  psi 
increment. 

2.  Hold  at  560  psi  for  three  minutes. 

3.  Depressurize. 

4.  Repeat  steps  1,  2  and  3. 

5.  Load  initially  in  100  psi  increments  to  500  psi  and  then  in 
smaller  increments  until  the  yield  stress  is  obtained.  After 
yielding,  load  continuously  until  failure. 

On  the  third  cycle,  a  leak  developed  at  the  seal  of  the  loading 
fixture  at  962  psi  internal  pressure  and  the  test  had  to  be  discon¬ 
tinued.  Analysis  of  strain  gage  readings  taken  during  these  tests 
showed  that  a  hoop  stress  of  243,000  psi  was  obtained  at  an  internal 
pressure  of  860  psi.  This  value  of  stress  exceeded  the  uniaxial  yield 
strength  of  232,000  psi. 

A  new  retaining  ring  which  possessed  greater  resistance  to  radial 
expansion  was  fabricated.  The  pressure  vessel  was  again  placed  on  the 
test  fixture.  Failure  occurred  prematurely  at  800  psi  internal  pressure 
which  corresponded  to  a  hoop  stress  of  232,000  psi.  A  photograph  of  the 
failed  pressure  vessel  is  shown  in  Figure  4. 

The  gj.  values  of  the  pressure  vessels  made  from  D6A  and  300M  steels 
are  essentially  the  same,  namely  5.55  for  the  D6A  steel  and  5.27  for  the 
30QM  steel.  However,  the  pressure  vessel  made  from  D6A  steel  withstood 
a  rather  severe  service  test  whereas  the  300M  steel  pressure  vessel 
failed  below  the  biaxial  yield  strength.  It  is  apparent  that  some 
differences  exist  between  the  two  pressure  vessels. 

Irwin^^^^  has  derived  an  expression  for  the  stress  intensity  of  a 
P3.rt-through  crack  in  a  uniformly  stressed  plate.  His  expression  is 
given  in  equation  6: 


where  $ 


’  Tr/2 

[sin^  0  + 


_  1.2  TTcr^a _ 

-  0.212  (a/ays)^ 

(a/c)^  cos^  9]  dO 
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This  equation  may  be  used  to  explore  what  is  likely  to  happen  when 
a  pressure  vessel  containing  a  surface  crack  is  loaded.  As  the  load 
increases,  K  will  increase  and  will  eventually  reach  a  value  at  which 
the  crack  will  start  to  increase  in  depth.  At  this  point  the  crack 
growth  is  occurring  under  plane  strain  conditions,  equivalent  to  the 
situation  for  a  through-the- thickness  crack  in  a  very  thick  plate.  The 
value  of  K  for  the  start  of  crack  growth  will  therefore  be  equal  to  the 
value  of  Kjj,  for  the  material.  If  the  value  of  K^,  for  the  thickness  in 
question  is  sufficiently  greater  than  the  value  of  Kic,  slow  crack 
growth  will  continue  against  increasing  resistance  requiring  increasing 
load  to  maintain  it.  Slow  crack  growth  may  continue  until  the  crack 
has  penetrated  through  the  wall  and  started  to  extend  as  a  through-the- 
thickness  crack. 

If  the  ratio  of  Kc  for  the  thickness  in  question  to  Kxc  is  less 
than  a  certain  value,  onset  of  rapid  fracture  will  occur  before  the 
crack  has  penetrated  the  wall.  Equation  6  may  be  used  to  relate  the 
stress  and  crack  dimensions  to  Kjc.  The  value  of  Kc  does  not  affect 
the  conditions  for  fracture. 

Srawley(i3)  has  shown  that  for  stress  levels  approaching  the  yield 
stress  and  an  a/c  ratio  greater  than  one-half,  the  Kc/Kic  ratio  must  be 
greater  than  two  for  the  Kf.  value  to  govern  the  fracture  behavior. 

Examination  of  the  fracture  toughness  data  in  Table  1  for  D6A  shows 
the  Kc/Kic  ratio  is  equal  to  2.26  and  the  fracture  behavior  is  governed 
by  Kc.  The  fracture  toughness  data  for  300M  in  Table  3  show  the  Kc/Kic 
may  vary  from  1.63  to  1.87.  Under  these  conditions,  the  fracture 
behavior  is  controlled  by  Kic* 

The  failed  30QM  pressure  vessel  was  sectioned  to  remove  the 
fracture  surfaces.  The  entire  fracture  surface  was  found  to  be  100  per¬ 
cent  shear  except  at  a  single  initiation  site.  The  appearance  of  the 
fracture  origin  is  shown  in  Figure  5. 

Examination  of  the  fracture  origin  indicated  that  a  pit  approxi¬ 
mately  0.006  to  0.007  in.  deep  on  the  inner  surface  had  served  as  the 
stress  concentration  to  initiate  the  fracture.  Extending  from  this  pit 
is  a  semicircular  area  of  flat  fracture  with  many  bright  facets  which 
is  characteristic  of  stress  corrosion.  Radiating  from  this  semicircular 
area  are  fingers  of  flat  fracture  with  bright  facets,  and  between  these 
fingers  are  roughened  areas  indicating  slow  crack  extension.  This 
entire  area  is  considered  as  the  plane  strain  defect  at  instability. 

The  depth  of  a  semicircular  crack  at  instability  was  calculated  from 
equation  6  using  a  Kjj,  value  of  82,000  psi  /in.  and  the  hoop  stress  at 
failure.  The  calculated  crack  depth  at  instability  was  0.074  in. 
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The  actual  crack  depth  as  measured  on  the  fracture  surface  is  0.074  in. 
which  is  in  agreement  with  the  calculated  value. 

It  is  important  to  note  that  the  conditions  for  failure  of  this 
pressure  vessel  can  be  described  in  terms  of  stress  and  defect  size  by 
means  of  fracture  mechanics  and  that  these  calculations  have  been 
verified  by  a  fracture  analysis  of  the  pressure  vessel  after  failure. 

Pressure  Vessels  Fabricated  from  Materials  of  Limited  Fracture  Toughness. 

A  more  critical  iituation  is  provided  by  a  20  in.  diameter  experi¬ 
mental  pressure  vessel  made  of  20  percent  nickel  managing  steel.  The 
design  chosen  was  a  helical  welded  cylinder  using  0.040  in.  thick  strip. 

A  helix  angle  of  11  degrees  was  selected  to  obtain  maximum  weld  effici¬ 
ency  and  was  based  upon  results  obtained  from  uniaxial  tests  of  welded 
coupons . 

The  experimental  pressure  vessel  was  fabricated  by  the  Budd  Company 
from  cold  rolled  and  aged,  20  percent  nickel  managing  steel  strip 
(C  0.008  percent,  Mn  0.008,  P  0.004,  S  0.005,  Si  0.019,  Cb  0.42, 

Ni  19.97,  Ti  1.85,  A1  0.47,  B  0.001,  Zr  0.018,  Bal  Fe) .  After  the  cold 
rolling  operation,  t  lie  strip  was  held  at  -100  F  for  16  hours  and  aged 
at  675  F  for  3  hours  to  develop  the  full  mechanical  properties.  This 
treatment  developed  a  yield  strength  of  307,000  psi  and  a  tensile 
strength  of  308,000  psi  in  the  base  metal. 

The  pressure  vessel  was  tested  hydrostatically  using  a  non-corro¬ 
sive  hydraulic  oil  as  the  pressurizing  medium.  The  vessel  failed  pre¬ 
maturely  at  a  gage  pressure  of  770  psi.  This  gave  a  calculated  value 
for  the  hoop  stress  of  192,000  psi  or  a  hoop  stress  to  yield  strength 
ratio  of  0.62.  A  photograph  of  the  failed  pressure  vessel  is  shown  in 
Figure  6. 

Three-inch  wide  by  12  in.  long  center  crack  fracture  toughness 
specimens  were  cut  from  the  failed  case  in  both  the  longitudinal  and 
transverse  direction.  The  plane  strain  fracture  toughness,  ,  of 
these  specimens  was  measured  by  means  of  a  pop-in  method  using  dis¬ 
placement  measurements.  The  fracture  toughness,  Kc,  of  the  material 
was  measured  using  the  same  technique.  These  results  are  summarized 
in  Table  4. 

Using  an  average  K^.  value  from  these  specimens,  calculation  of  the 
8  value  gave  a  equal  to  2.54  in  the  longitudinal  direction  and  8^, 
equal  to  0.61  in  the  transverse  direction.  The  Kq/Kjc  ratio  for  this 
material  is  1.33  which  indicates  that  the  Kjf.  value  governs  the  fracture 
behavior. 


250 


Fracture  Toughness  of  20  Percent  Nickel  Managing  Steel 
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The  burst  vessel  was  examined  to  determine  the  origin  of  failure. 
The  failure  was  100  percent  shear  except  for  the  origin.  The  origin 
f^^cture  appeared  to  a  series  of  surface  defects  oriented  in  a  line 
normal  to  the  rolling  direction  of  the  strip  and  on  the  outer  surface 
of  the  case. 


One  of  these  pits  was  deep  enough  to  initiate  a  small  plane  strain 
fracture  origin  as  shown  in  Figure  7.  Examination  of  the  plane  strain 
fracture  origin  showed  that  it  was  approximately  eleven  times  as  long 
as  it  was  deep.  Under  these  conditions  equation  6  reduces  to: 

^Ic^  =  ^*2  ncT^a  (7) 

Since  the  crack  is  oriented  perpendicular  to  the  longitudinal 
direction  of  the  sheet,  the  longitudinal  value  of  Kpc  will  be  used  to 
calculate  the  depth  of  the  defect. 

An  average  value  of  71,700  psi  /in.  for  and  a  hoop  stress  of 
192,000  psi  were  used  to  calculate  the  crack  depth  at  instability. 

This  calculation  gave  a  crack  depth  of  0.036  in.  at  instability  as  com¬ 
pared  to  a  measured  depth  of  0.030. 


It  will  be  noted  that  the  actual  defect  size  is  somewhat  smaller 
than  the  calculated  value.  However,  this  is  to  be  expected  since  the 
defect  exceeds  half  the  wall  thickness  so  that  the  crack  border  is  near 
the  inner  surface  of  the  wall.  The  data  presented  here  illustrate  the 
stress  elevating  effect  of  local  reduced  wall  stiffness. 

Studies  of  Scale  Models  of  Solid  Propellant  Rocket  Motors. 

After  completion  of  this  preliminary  program,  completed  cases  manu¬ 
factured  by  the  Budd  Company  and  ARDE  Portland,  Incorporated  were  avail¬ 
able  for  test.  The  cases  supplied  by  the  Budd  Company  were  fabricated 
from  20  percent  cold  rolled  0.040  in.  thick  18  NiCoMo  managing  steel 
strip.  The  case  itself  was  produced  by  spiral  wrapping  and  welding. 

The  managing  steel  used  for  these  cases  exhibited  a  yield  strength  of 
277,000  psi  after  aging  at  990  F  followed  by  aging  at  770  F  after 
welding.  The  design  of  this  case  is  shown  in  Figure  8. 

The  cases  supplied  by  ARDE  Portland  were  fabricated  from  301  stain¬ 
less  steel  preforms.  The  preforms  were  stretched  14.2  percent  or  15.8 
percent  at  -320  F  to  form  the  case.  After  stretching,  the  cases  were 
aged  at  800  F  for  20  hours.  This  treatment  resulted  in  a  yield  strength 
of  264,000  psi  for  the  cases  stretched  14.2  percent,  and  a  yield 
strength  of  280,000  psi  for  the  cases  stretched  15.8  percent.  The  de¬ 
sign  of  these  cases  is  shown  in  Figure  9. 
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The  tensile  properties  of  the  301  stainless  steel  and  the  250 
grade  maraging  steel  are  given  in  Table  5.  Room  temperature  and  -65  F 
values  are  included  in  this  table. 

The  rocket  motor  cases  were  hydrotested  using  oil  as  the  pressur¬ 
izing  medium  at  room  temperature  and  at  -65  F.  These  results  are  sum¬ 
marized  in  Table  6.  The  data  show  a  reasonable  biaxial  elevation  of 
the  burst  stress  and  that  these  cases  are  acceptable  from  this  view¬ 
point.  However,  it  should  be  borne  in  mind  that  these  tests  were  per¬ 
formed  on  custom  made  cases  which  would  be  relatively  free  of  defects 
when  compared  with  commercially  manufactured  ones. 

It  was  desired  to  evaluate  these  cases  under  conditions  more  closely 
simulating  production.  A  committee  was  organized  by  Dr.  Peter  Kosting 
of  the  U.  S.  Army  Materiel  Command,  to  design  a  set  of  experiments  to 
accomplish  this  objective.  Based  on  the  results  of  the  previous  experi¬ 
ence  in  analyzing  service  failures,  it  was  decided  to  employ  the  frac¬ 
ture  mechanics  approach.  Part-through  cracks  were  to  be  used  since 
they  would  more  closely  simulate  actual  defects.  The  defect  size  would 
be  calculated  using  the  plane  strain  fracture  toughness,  Kjc  of  the 
material.  It  also  was  decided  that  the  failure  stress  would  be  equal 
to  or  greater  than  the  yield  strength. 

Fracture  Toughness  Studies  of  Maraging  Steel. 

Considerable  data  have  been  published  concerning  the  plane  strain 
fracture  toughness  of  the  250  and  300  grades  of  maraging  steel  and  the 
values  vary  from  40,000  psi  /in.  to  greater  than  100,000  psi  /in. 

Analyses  of  these  data  show  that  most  of  these  values  were  determined 
by  the  pop-in  method  as  described  by  Boyle,  Sullivan  and  Krafft(^^), 
and  the  experiments  were  performed  using  a  wide  range  of  plate  thick¬ 
nesses,  In  an  attempt  to  resolve  further  the  relatively  large  discrep¬ 
ancies  observed  in  these  data,  the  values  of  Kic  were  plotted  as  a 
function  of  the  plate  thickness.  The  curve  is  shown  in  Figure  10. 

The  data  indicate  that  the  higher  values  of  fracture  toughness  obtained 
were  influenced  by  plasticity  during  pop-in  and  that  reliable  plane 
strain  results  could  be  obtained  only  with  thick  (0,20  in.  or  thicker) 
specimens . 

Recently,  Brown  and  Srawley^^®^  made  a  comprehensive  study  of  the 
specimen  size  requirements  for  determining  plane  strain  fracture  tough¬ 
ness.  They  concluded  that  the  minimum  thickness  of  the  specimen  for 
accurate  Kxc  measurements  should  be  2.5  (Kic/cys)^-  The  same  dimension 
was  determined  for  the  crack  length.  Applying  these  criteria  to  a 
steel  having  a  yield  strength  of  270,000  psi  and  a  of  70,000  psi  /in. 
gave  a  minimum  thickness  of  0.167  in. 


Tensile  Properties  of  Cryogenically  Stretched  Formed  301  Stainless  Steel 
and  Cold  Rolled  and  Aged  250  Grade  Maraging  Steel  Sheet 
Used  for  Rocket  Motor  Cases* 


o 


o 

m 

04 

00 

04 

00 

CO 

UO 

04 

04 

a 

(U 


o 

o 

o 

o 

o 

o 

o 

U 

o 

o 

o 

o 

o 

o 

o 

cn 

o 

r— 1 

m 

m 

04 

CA 

A 

«« 

(U 

a 

o^ 

LTi 

00 

m 

<t 

On 

«— I 

<!■ 

<1- 

vO 

00 

o 

04 

»r4 

04 

04 

04 

04 

04 

<r> 

CO 

CO 

C 

01 

H 


4J 

ClO  (U 

S  m 

ID  M-i 

o 

o 

O 

•W  O 

o 

o 

o 

W  w 

CM 

<Ti 

o 

5:?  & 
T)  O 

A 

1 

1  1 

1 

m 

CO  1 

1  1 

1 

r-<  evl 

04 

oq 

rN. 

• 

<u  • 

04 

CM 

04 

•r4  O 

m 

1—1 

4-t 

• 

, 

O 

• 

CO 

• 

CO 

• 

• 

CO 

d) 

OD 

a 

oo 

a 

60 

60 

S3 

C 

cd 

C 

cd 

c 

C 

cd 

o 

0 

M 

o 

o 

>1 

o 

tJ 

H 

►J 

H 

ij 

4J 

• 

• 

CO 

B  Pt< 

H 

m 

H 

CU 

0)  O 

« 

vO 

• 

H 

H  v-H 

0^ 

1 

§ 

o 


cd 

o 

E 

o 


o 

o 


00 

H 

1— ^ 

S3 

cd 

CO 

g 

•r4 

u 

00 

o 

W  -H  Id 

cd 

u 

d) 

CO  C  01 

V4 

cw 

4J 

01  s 

cd  d) 

Cd 

60  H 

X  ^ 

cd 

o  o  o 

4J 

4J 

fO  fc 

O  K/i 

cd 

u 

tn 

Q 

04 

4c 

254 


Hydrostatic  Test  Results  for  Solid  Propellant  Rocket  Motors 
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According  to  data  in  Figure  10,  it  was  concluded  that  a  minimum 
specimen  thickness  of  0.20  to  0.25  in,  would  be  necessary  to  obtain 
valid  plane  strain  fracture  toughness  values.  The  material  used  in 
this  study  was  CEVM  300  grade  maraging  steel  rolled  to  1/4  in,  thick 
plate.  Four-inch  wide  strips  were  cut  from  the  plate  and  solution 
annealed  for  one  hour  at  1600  F,  These  strips  were  cold  rolled  20  per¬ 
cent  by  the  Homer  Research  Laboratories  of  the  Bethlehem  Steel  Company. 

Strip-type  tensile  specimens  and  center  cracked  fracture  toughness 
specimens  were  used.  The  specimens  were  aged  at  990  F  and  770  F  for 
three  hours  at  each  temperature. 

The  plane  strain  fracture  toughness  was  determined  using  the  pop- 
in  technique.  The  load-deflection  curves  were  determined  using  a 
mechanical  compliance  gage  similar  to  that  described  by  Boyle(19),  xhe 
pop-in  load  was  selected  as  the  load  which  caused  the  first  inflection 
in  the  load-deflection  curve.  The  tests  at  -65  F  were  conducted  by 
placing  the  entire  test  assembly  in  a  cold  box  which  was  maintained  at 
the  test  temperature.  This  equipment  is  shown  in  Figure  11.  The 
specimens  were  held  at  temperature  for  one-half  hour  prior  to  testing. 
The  results  of  the  tensile  tests  are  given  in  Table  7. 

These  tensile  values  are  quite  uniform  but  do  not  equal  the  room 
temperature  yield  strength  of  279,000  psi  developed  in  the  Budd  Company 
material.  Approximately  a  6  percent  increase  in  tensile  values  was 
realized  by  lowering  the  testing  temperature  to  -65  F. 

The  fracture  toughness  properties  of  this  material  are  given  in 
Table  8.  Detailed  analysis  of  the  data  shows  that  the  values  of  plane 
strain  fracture  toughness  are  not  greatly  affected  by  the  variables  of 
fatigue  cracking  or  method  of  detecting  pop-in.  Also,  it  will  be  ob¬ 
served  that  the  lowering  of  the  testing  temperature  to  -65  F  had  a 
very  slight  effect  on  the  plane  strain  fracture  toughness. 

These  values  of  Kpc  for  maraging  steel  appear  to  be  lower  than 
those  reported  by  other  investigators.  These  data  were  plotted  as  a 
function  of  yield  strength  in  Figure  12,  Examination  of  this  figure 
shows  a  normal  inverse  first  order  dependency  of  Kjj,  to  yield  strength. 
Since  yield  strength  is  an  important  factor  that  influences  the  plane 
strain  fracture  toughness,  the  plane  strain  fracture  toughness  of 
conventionally  treated  (1500  F,  AC,  aged  900  F,  3  hours)  300  grade 
maraging  steel  was  determined  at  -65  F.  The  fracture  toughness  values 
of  this  material  are  given  in  Table  9.  Since  the  yield  strength  of 
this  material  more  closely  approximates  the  yield  strength  of  the 
rocket  case  manufactured  by  the  Budd  Company,  a  value  for  Kjc  of 
40,000  psi  yin.  was  selected  to  compute  the  size  of  defect. 


Tensile  Values  for  Cold  Rolled  and  Aged  300  Grade  Maraging  Steel 
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Fracture  Toughness  Properties  of  Cold  Rolled 
and  Aged  300  Grade  Maraging  Steel 
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Plane  Strain  Fracture  Toughness  of 
Conventionally  Treated  300  Grade  Maraging  Steel  at  -65  F 
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Fracture  Toughness  Studies  of  Cryogenically  Formed  301  Stainless  Steel. 


Two  lots  of  cryogenically  formed  301  stainless  steel  were  tested 
by  Nelson  and  Burns (20),  One  lot  developed  a  yield  strength  of  220,000 
psi  and  the  other  lot  developed  a  yield  strength  of  265,-280,000  psi. 

The  plane  strain  fracture  toughness  of  the  220,000  psi  yield 
strength  material  was  determined  using  the  single-edge  notched  speci¬ 
men.  The  slow  notched  bend  specimen  was  used  to  determine  the  plane 
strain  fracture  toughness  of  the  higher  yield  strength  material.  These 
data  are  summarized  in  Table  10. 

Application  of  the  criterion,  a  and  B  equal  to  or  greater  than  2.5 
(Kjn/CTyg)^,  indicates  the  specimens  were  too  small  for  an  accurate 
measurement.  This  indicates  that  shear  lips  would  develop  during  pop-in 

Development  of  Crack  Geometry. 

Since  machined  notches  are  generally  not  sufficiently  sharp  to 
simulate  natural  cracks,  it  is  the  best  accepted  practice  to  extend 
these  notches  by  fatigue.  In  a  fracture  mechanics  analysis,  the  develop 
ment  of  a  specified  crack  geometry  is  of  importance.  Consequently,  the 
crack  geometry  specified  must  be  stable  during  fatigue.  The  semi¬ 
circular  crack  is  the  most  stable  during  fatigue  since  the  K  value  is 
uniform  along  the  crack  front. 

Solution  of  equation  6,  using  a  K^c  value  of  40,000  psi  /in.  and 
a  failure  stress  equal  to  the  yield  strength,  gave  a  crack  radius  of 
0.009  in.  and  a  crack  length  of  0.018  in.  However,  since  such  small 
defects  are  extremely  difficult  to  detect  and  measure,  it  was  decided 
to  introduce  a  crack  having  a  depth  (or  radius)  of  0.015  in.  and  a 
length  of  0.030  in.  This  defect  represents  a  somewhat  more  severe  test 
condition  than  the  calculated  one. 

To  calculate  the  crack  geometry  for  the  cryogenically  stretch 
formed  301  stainless  steel  cases,  equation  6  was  solved  using  the 
values  for  the  higher  strength  materials  reported  in  Table  10,  and 
yield  strength  instability  gave  crack  depth  values  0.070  in.  for  a  Kxc 
of  96,500  psi  /in.  and  0.057  in.  for  a  Kic  of  87,100  psi  /in.  It  is 
readily  apparent  that  these  defect  sizes  are  not  practical  since  they 
exceed  the  motor  case  wall  thickness. 

At  this  point  it  becomes  necessary  to  develop  a  more  realistic 
crack  size  for  these  rocket  motor  cases.  As  has  been  shown  by  Carman, 
Armiento  and  Markus(^^',  a  crack  depth  greater  than  one-half  the  wall 


thickness  is  not  amenable  to  fracture  mechanics  analysis.  Therefore, 
consideration  of  any  minimum  defect  size  had  to  be  directed  toward 
defects  which  were  less  than  one-half  the  wall  thickness  in  depth. 

Since  the  m.echanical  properties  of  the  higher  strength  cryogeni- 
cally  formed  301  stainless  steel  case  very  closely  corresponded  to  those 
of  the  managing  steel  case,  it  was  felt  that  the  same  defect  would  be 
introduced  into  both  cases.  The  lower  strength  cryogenically  formed 
301  stainless  steel  case  had  higher  fracture  toughness  values,  and  it 
was  decided  to  introduce  the  maximum  size  of  flaw  which  would  be  amenable 
to  fracture  mechanics  analysis.  The  size  of  this  flaw  was  calculated  to 
be  0.025  in.  deep  by  0.050  in.  long. 

Generation  of  the  Defect. 

It  has  been  shown  that  notch  sharpness  can  have  a  pronounced  effect 
on  the  fracture  properties  of  these  high  strength  materials  and  that 
a  natural  crack  is  required  to  reproduce  the  effect  of  a  natural  defect. 
The  previously  described  semi-circular  crack  geometry  was  introduced 
into  the  case  wall  by  electro-discharge  machining.  It  was  decided  to 
machine  in  a  starter  notch  approximately  half  the  crack  dimensions  re¬ 
quired  and  grow  this  notch  to  its  final  crack  dimensions  by  fatigue. 

Initial  attempts were  made  to  grow  the  notch  to  the  final 
dimensions  in  the  cryogenically  stretch  formed  case  by  hydraulically 
fatiguing  the  entire  case.  However,  this  method  was  not  successful  due 
to  cracking  in  the  aft  flange.  It  was  necessary  to  develop  a  special 
fixture  to  fatigue  the  notch. 

A  test  fixture  was  designed  whereby  a  pressurizing  medium  was  ap¬ 
plied  locally  in  the  area  of  the  starter  notch  to  accomplish  the  fatigue 
crack  growth.  A  sketch  showing  the  basic  parts  of  the  fixture  is  pre¬ 
sented  in  Figure  13. 

The  fixture  consists  of  two  segmented  rings  -  one  ring  to  fit  the 
inside  of  the  case  and  the  other  to  fit  the  outside  of  the  case.  A 
dished-out  area  in  the  inside  ring  is  aligned  with  the  starter  notch. 

A  pressure  seal  (0-ring) ,  concentric  with  the  dished-out  area,  prevents 
loss  of  the  pressurizing  medium.  The  segmented  ring  was  expanded  into 
place  (against  the  inside  of  the  case)  with  shims.  Pressure  inlet  and 
discharge  ports  were  provided  in  the  dished-out  area  through  the  back 
side  of  the  ring.  A  hole  was  machined  through  the  outside  ring,  which 
was  then  clamped  around  the  cylindrical  section  of  the  case  with  the 
hole  aligned  with  the  starter  notch.  The  outer  ring  was  to  prevent 
radial  displacement  of  the  case  wall  under  pressurization  except  at  the 
location  of  the  starter  notch. 
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The  first  evidence  of  fatigue  crack  growth  was  noted  after  approxi¬ 
mately  28,800  cycles  (0  to  750  psi  gage).  An  additional  7,300  cycles 
(0  to  750  psi  gage)  were  required  to  grow  the  crack  to  a  length  of 
0.050  in. 

In  view  of  the  success  achieved  in  growing  a  fatigue  crack  in  the 
ARDE  Portland  stainless  steel  case  by  the  application  of  a  local  cyclic 
pressure,  it  was  decided  to  use  the  same  technique  for  growing  a  crack 
in  the  managing  steel  case  made  by  the  Budd  Company,  This  fixture  was 
essentially  a  larger  version  of  the  previous  one.  The  peak  cyclic 
pressure  varied  between  475  and  500  psi  gage  and  a  cyclic  rate  of  two 
cycles  per  second  was  used.  A  total  of  22,000  cycles  was  necessary  to 
generate  this  crack. 

Hydrostatic  Testing. 

The  primary  objective  of  this  investigation  was  to  determine  if  the 
specially  introduced  flaws  in  these  rocket  motor  cases  would  degrade 
their  strength  properties.  It  was  decided  to  hydrostatically  test  these 
cases  at  -65  F.  It  was  anticipated  that  the  biaxial  yield  and  tensile 
strengths  would  be  obtained.  The  early  attempts  to  extend  the  notch  by 
fatigue  in  the  ARDE  Portland  case  resulted  in  a  fatigue  crack  developing 
from  a  threaded  hole  in  the  aft  flange  and  propagating  into  the  dome. 

An  attempt  was  made  to  arrest  the  crack  by  drilling  a  hole  through  the 
aft  dome  wall  at  the  crack  tip.  The  hole  was  plugged  with  a  bolt.  In 
order  to  prevent  leakage  through  the  cracked  aft  flange  of  the  case, 
the  aft  section  of  the  case  was  sealed  with  a  liner  material. 

After  the  case  was  filled  with  oil,  the  system  was  cooled  to  -65  F. 
The  case  was  subjected  to  four  pressure  cycles.  Peak  pressure  was 
approximately  200  psi  gage  on  the  first  two  cycles  and  approximately 
500  psi  gage  on  the  third  cycle.  On  the  fourth  pressure  cycle,  the  case 
pressure  rise  rate  was  approximately  500  psi  gage  per  minute  and  the 
case  burst  at  a  pressure  of  1785  psi  gage.  The  failure  initiated  in 
the  aft  dome  at  the  hole,  which  was  drilled  to  arrest  the  fatigue  crack 
and  propagated  to  the  aft  skirt-to-cylinder  junction.  The  area  of  the 
case  containing  the  introduced  defect  was  not  affected  by  this  fracture. 

The  pressure-strain  relationships  in  the  full-scale  hydrostatic 
test  were  similar  to  those  obtained  in  the  localized  area  during  fatigue 
crack  growth.  In  view  of  this  fact,  it  was  decided  to  burst  the  cylindri¬ 
cal  section  containing  the  fatigue  cracked  notch  by  local  pressurization. 
The  fatigue  cracked  area  and  the  fixture  were  cooled  to  -65  F  and  the 
section  was  pressurized  with  oil.  A  0.2  percent  offset  in  hoop  strain 
was  observed  slightly  under  3000  psi  gage  which  calculated  to  a  hoop 
stress  of  332,000  psi. 


Examination  of  the  failed  section  showed  that  the  defect  had  the 
recommended  semi-circular  and  the  desired  dimensions  (0.050  in.  x  0.035 
in.  deep).  Except  for  a  small  flat  area  adjacent  to  the  crack,  the 
fracture  surface  was  full  shear.  The  hoop  stress  at  which  yielding  was 
observed  showed  the  case  could  tolerate  this  size  of  defect  without  a 
loss  in  performance. 

The  Budd  case  (maraging  steel)  was  suspended  from  a  portable  frame 
and  placed  inside  the  temperature  conditioning  box.  Final  connections 
for  the  strain  gages,  pressure  transducers,  and  thermocouples  were  made. 
Pressurization  oil,  cooled  to  -75  F,  was  poured  into  the  case  through 
a  hole  in  the  aft  plate  and  the  carbon  dioxide  cooling  system  was 
connected.  The  oil  filled  case  was  allowed  to  stand  in  the  -65  F  en¬ 
vironment  for  approximately  two  hours  to  assure  a  uniform  temperature 
of  the  case  and  the  oil. 

When  temperature  stabilization  was  assured,  the  strain  gages  and 
pressure  transducers  were  calibrated.  One  gage-set  cycle  was  performed 
during  which  all  gages  operated  satisfactorily.  After  the  gage-set 
cycle,  the  case  was  pressurized  to  burst.  Yielding,  as  defined  by  0.2 
percent  offset  in  hoop  strain,  was  observed  at  a  pressure  of  1335  psi 
gage.  The  case  burst  at  a  pressure  of  1350  psi  gage.  These  values 
resulted  in  a  biaxial  yield  strength  of  327,000  psi  and  a  biaxial 
strength  of  330,900  psi. 

Examination  of  the  fracture  surface  of  the  case  showed  that  the 
crack  had  developed  the  recommended  semi-circular  geometry  as  shown  in 
Figure  14.  Measurements  taken  gave  a  crack  length  of  0.030  in.  and  a 
crack  depth  of  0,014  in.  The  indications  of  yielding  from  the  strain 
gage  data  and  the  high  burst  strength  show  that  this  rocket  motor  case 
can  tolerate  this  size  of  defect  without  a  loss  in  performance.  The 
hydrostatic  test  data  obtained  for  these  cases  are  summarized  in  Table  11. 

Prevention  of  Failure  by  Premature  Fracture. 

In  the  example  of  pressure  vessels  fabricated  from  very  high  strength 
materials,  it  has  been  shown  that  a  leak-before-  burst  criterion  is  the 
most  realistic  approach.  In  analyzing  this  class  of  materials  for 
which  fracture  toughness  values  are  available,  theoretical  calculations 
and  the  experimental  data  presented  show  that  3^,  =  2Tr  or  =  1.5  are 

needed  to  arrest  a  2t  crack.  If  pressure  vessels  are  fabricated  from 
materials  having  lower  values  of  fracture  toughness,  great  care  must 
be  taken  to  avoid  small  defects  in  both  fabrication  processes  and  ma¬ 
terial  . 
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Hydrostatic  Test  Data  at  -65  F  for  301  Stainless  Steel 
and  Managing  Steel  Rocket  Motor  Cases 
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Irwin^^^^  has  extended  this  idea  of  crack  arrest  to  lower 
strength-higher  toughness  materials  such  as  HY-80,  A302B,  and  A212B. 
Although  the  V-notch  Charpy  impact  test  is  commonly  used  to  determine 
the  Fracture  Appearance  Transition  Temperature  (FATT) ,  the  geometrical 
configuration  of  the  specimens  does  not  lend  itself  to  analysis.  Con¬ 
sequently,  reference  will  be  made  to  the  simpler  Nil  Ductility  Test 
(NDT)  as  discussed  by  Fellini  and  Puzak^^^)^  original  concept, 

the  Nil  Ductility  Temperature  separated  the  temperature  region  in  which 
^  fl3^t  break  occurred  from  the  higher  temperature  region  in  which 
noticeable  plastic  bending  accompanied  separation. 


In  the  interests  of  caution,  toughness  requirements  are  commonly 
studied  on  the  basis  of  rapid  rather  than  slow  application  of  the 
service  load.  The  fracture  appearance  transition  temperature  usually 
exceeds  the  NDT  by  about  60  F.  Consistency  with  both  of  these  observa¬ 
tions  requires  that  the  dynamic  Kpc  value  is  proportional  to  the  yield 
strength  about  as  follows: 

at  FATT  =  0.95  /in.  (8) 

where  CTyd  may  be  estimated  by  a  method  proposed  by  Bennett  and  Sin- 
clair(25) . 

From  some  exploratory  calculations  using  properties  characteristic 
of  HY-80,  A302B  and  A212B  steels,  it  is  found  that  a  one-inch  wall 
thickness  satisfies  a  leak-before-break  criterion  at  a  temperature 
between  NDT  +  60  F  and  NDT  +  120  F,  even  if  the  service  load  is  as 
high  as  the  static  yield  strength.  Normally,  the  design  of  a  pressure 
vessel  does  not  require  a  gross  average  tensile  stress  in  the  cylindri¬ 
cal  portion  of  the  wall  higher  than  about  one- third  of  the  yield 
strength.  At  such  stress  levels,  the  leak-before-break  criterion  is 
approximately  satisfied  at  NDT  +  120  F  for  wall  thicknesses  as  thick 
as  five  inches.  Table  12  shows  the  stresses  corresponding  to  leak- 
before-break,  OLg,  for  HY-80  steel. 


CONCLUSIONS  AND  GENERAL  DISCUSSION 


Important  practical  situations  are  illustrated  by  the  behavior  of 
pressure  vessels  fabricated  from  D6A  and  300M  steels.  The  performance 
of  these  pressure  vessels  demonstrates  the  importance  of  the  Kc/Kpc 
ratio.  For  deep-short  cracks,  if  this  ratio  exceeds  two,  the  8^  =  2n 
fracture  arrest  criterion  applies  and  the  fracture  is  governed  by  the 
Kc  value.  This  situation  is  illustrated  by  the  service  performance  of 
the  D6A  pressure  vessel. 
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Table  12 

Fracture  Toughness  and  Design  Properties  of  HY-80  Steel^^^^ 
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On  the  other  hand,  if  the  Kq/Kic  ratio  is  less  than  two,  fracture 
arrest  of  a  through-the-thickness  crack  is  not  possible,  and  the 
fracture  behavior  is  governed  by  the  value  of  the  plane  strain  fracture 
toughness.  This  situation  is  illustrated  by  the  performance  of  the 
300k  and  20  percent  nickel  maraging  steel  pressure  vessels. 

Fracture  mechanics  permits  calculation  of  the  size  of  defect  and 
stress  level  for  failure.  These  conditions  have  been  verified  by 
subsequent  failure  analysis  and  tests  of  specially  notched  and  pre¬ 
cracked  rocket  motor  cases.  Close  agreement  between  calculated  and 
experimentally  measured  flaw  sizes  and  failure  stress  was  obtained  for 
all  these  examples. 

Techniques  for  using  fracture  mechanics  in  design  to  prevent 
premature  failure  are  discussed. 
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GLOSSARY 


psi  =  stress,  pounds  per  square  inch 
B  =  specimen  thickness,  inches 
T  =  surface  tension 

a  =  half-crack  length  of  internal  crack  or  crack  depth  of  surface 
crack 

eeRR  =  elastic  energy  release  rate 
W  =  work  function  per  unit  area 

A  =  unit  area 

Q  =  elastic  energy  release  rate 
a  -  gross  section  stress 

E  =  Youngs  Modulus 

K  =  stress  intensity  factor 

r  =  distance  ahead  of  crack  tip 

9  =  angular  coordinate  measured  from  the  crack  plane 

CTg.  =  rectangular  components  of  tensile  stress 
Tjjy,  Ty2  =  rectangular  components  of  shear  stress 

H,  V,  cu  =  displacements 
Y  =  Poissons  ratio 
Oyg  =  0.27o  offset  yield  strength 
3  =  relative  plastic  zone  size 

f  =  an  elliptic  integral 

c  =  half  of  the  crack  length  of  a  surface  crack 
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FATT  =  fracture  appearance  transition  temperature 
NDT  =  nil  ductility  transition  temperature 

Qyjj  =  dynamic  yield  strength 

Kjjj  =  dynamic  plane  strain  fracture  toughness 
=  leak  before  burst  stress 
Q  -  shear  modulus 

Subscripts : 

I  =  first  or  opening  mode  of  fraction 
c  =  critical  value  of  a  parameter 

o  =  initial  value 
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Figure  2c,  Drawing  of  Full  Scale  40  Inch  Diameter  Rocket  Motor  Case. 
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Figure  4.  Photograph  Showing  Failure  of  40  Inch  Diameter  Model 
Pressure  Vessel. 


Figure  5.  Photograph  Showing  Origin  of  Failure  in  40  Inch  Diameter  Model 
Pressure  Vessel  Made  From  300M  Steel. 
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Figure  6,  Photograph  Showing  Failure  of  Experimental  20  Inch  Diameter  Pressure 
Vessel  Made  From  20  Percent  Nickel  Maraging  Steel. 
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Figure  7.  Photograph  of  Origin  of  Failure  of  Experimental  20  Inch  Diameter 
Pressure  Vessel. 
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Company . 


gure  9.  Design  of  12  1/2  Inch  Diameter  Rocket  Motor  Case  Fabricated 
by  ARDE  -  Portland. 
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Figure  14.  Fracture  Origin  in  Budd  Company  Rocket  Motor  Case, 


A  SYSTEM  APPROACH  TO  THE  NONDESTRUCTIVE 


TESTING  OF  COMPOSITE  MATERIALS 
George  Martin 

North  American  Aviation,  Inc 
Los  Angeles,  California 


INTRODUCTION 


Tlie  terms  "quality  control",  "nondestructive  testing",  and  "defect  detec¬ 
tion"  liave  become  almost  synonymous.  The  classic  picture  of  the  nondestructive 
testing  (NDT)  expert  is  tliat  of  tlie  coin  tapper  looking  for  flaws,  which  the 
shop  blames  on  the  material,  and  the  metallurgist  on  the  shop.  Fortunately, 
tills  classic  picture  is  slowly  fading.  NDT  is  now  being  seen,  albeit  still’ 
ratlier  dimly,  as  a  metliod  of  predicting  system  performance  prior  to  the  system 
mission,  lliis  new  concept  received  a  great  impetus  when  the  aerospace  indus¬ 
try  dianged  from  a  mass  production  approach  to  a  job  shop  operation. 


file  purpose  of  tliis  paper  is  to  analyze  NDT  procedures,  fundamentally  in 
te^  of  tlie  medianical  properties  of  materials  to  wliich  they  can  be  directly 
related,  witli  special  reference  to  tlie  problems  of  composite  materials  and 
structures.  To  cover  this  field,  a  multidisciplinary  approadi  is  required. 
Data  and  methods  used  by  electrical  engineers,  mechanical  engineers,  metallur¬ 
gists  and  physicists  must  be  considered.  Common  terms  whidi  may  have  differ¬ 
ing  meaning  in  several  disciplines  must  therefore  be  defined. 

Mechanical  properties  are  the  properties  which  diaracterize  the  response 
of  a  material,  structure  or  system  to  a  medianical  load,  llicy  can  be  divided 
into  tlirec  groups  as  follows: 

1.  1 he  actual  strength  of  the  material,  structure  or  system,  lliis  is 
defined  as  the  load  level  at  which  a  physical  separation  takes  tilacc 
which  catastropliically  reduces  the  load-carrying  ability.  Ihis  lim- ' 
itation  is  important,  because  we  know  tliat  physical  separation  in  a 
material  or  structure  can  occur  to  quite  an  appreciable  extent  without 
significantly  affecting  the  load-carrying  ability.  An  example  is 
fracture  toughness,  where  a  crack  must  grow  to  a  critical  size  before 
it  becomes  cmliarrassing. 

2.  Ihc  stress  level  at  whicli  a  deformation  occurs,  whidi  renders  the  sys¬ 
tem  ineffective.  This  may  be  the  yield  point  in  a  simple  specimen;  it 
may  also  be  an  excessive  amount  of  creep  or  any  other  arbitrary  factor 
selected  liy  the  designer.  For  instance,  many  high  temperature  struc¬ 
tures  arc  designed  to  a  0.1  percent  creep  limit,  i.e.,  the  designer 

ex]iects  tliat  amount  of  deformation  during  service  and  allows  for  it  in 
tiic  design. 

5.  Ihe  defomation  of  the  .system  up  to  tlie  stress  level  indicated  by 
grouj)  2.  Almost  exclusively,  tlie  stress/strain  relation  in  that 
region  are  assumed  to  lie  linear  and  reversible,  i.e.,  perfectly  elas¬ 
tic.  Hus  group  of  properties  is  therefore  referred  to  as  the  elastic 
properties  of  the  material,  structure  or  system. 
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It  is  important  to  note  that  groups  1  and  3  are  the  most  important,  Tliis  sceni5 
to  be  due  to  a  fundamental  reason  and  a  practical  consideration.  Ihe  fundamen¬ 
tal  reason  is  the  experimentally  demonstrated  fact  that  the  stress  difference 
(but  not  the  strain  difference)  separating  the  level  at  whidi  complete  failure 
occurs  and  tlie  level  at  wliicli  significant  deformation  occurs  generally  do  not 
differ  greatly.  Ihe  practical  reason  is  that  beyond  the  point  of  signif Lcaji', 
deformation  tlie  stress/strain  relations  become  very  complex  and  can  only  rarely 
be  expressed  analytically. 

So  far,  we  liave  not  restricted  ourselves  to  ai^y  limitations  as  to  complex¬ 
ity  of  the  system.  Tlie  foregoing  observations  are  as  applicable  to  a  complex 
heterogenoas  and  discontinuous  structure,  such  as  a  wing,  as  they  are  to  a 
homogenous  and  continuous  material.  These  considerations  are  illustrated  in 
figure  1  in  tiie  form  of  a  stress/strain  diagram.  Such  diagrams  can  be  plotted 

for  any  desired  spatial  point  in  our  system  under  given  service  conditions,  such 

as  vibrations,  temperature,  etc.  Tlie  purpose  of  the  diagram  is  to  show  that 
there  is  no  necessary  relationship  between  tlie  service  response  and  the  maxirnuni 
load,  iistimates  of  system  performance  therefore  face  two  distinct  problems: 

(1)  to  estimate  tlie  maximum  load-carrying  capacity,  and  (2)  to  estimate  tlie  ser¬ 
vice  moduli. 

Two  approaches  to  NUT  of  systems  are  now  possible.  In  one  we  can  inspect 

the  constituent  materials  and  determine  tlieir  compliance  with  a  preset  reliabil¬ 

ity  level,  and  tlien  clieck  tlieir  joints  with  a  similar  level  of  reliability.  In 
a  system  or  structure  where  the  total  performance  is  the  sum  of  the  performance 
of  eacli  definable  member,  sudi  an  approach  is  justified,  provided  we  can  deter¬ 
mine  both  maximum  load- carrying  ability  and  moduli  of  each  member.  However,  as 
structural  systems  tend  to  become  systems  where  the  component  materials  inter¬ 
act,  sucli  as  in  a  filamentary  composite,  this  approach  is  no  longer  justified 
and  the  system  must  be  evaluated  as  a  whole. 

The  term  "composite"  also  needs  definition.  Here,  it  will  be  used  to 
describe  a  structure  consisting  of  several  phases  arranged  in  geometrically 
definable  ]iattems.  Two  types  can  be  distinguished:  the  continuous  type  and 
another  type  which,  for  want  of  a  better  definition,  we  shall  call  the  discon.- 
tinuous  type.  ITiese  definitions  relate  to  the  appearance  of  one  of  the  phases 
in  a  cross  section  of  tlie  system.  Both  types  may  be  two  or  three-dimensional 
composites  sucli  as  cross-plyed  fiber- reinforced  conposite.  Ihe  term  "phase" 
refers  only  to  materials  with  properties  of  tlie  same  order;  for  instance,  the 
phase  consisting  of  the  air  or  a  foam  filling  between  the  ribs  or  struts  of  a 
two-dimensional  composite  need  not  be  considered,  unless  it  alters  the  proper¬ 
ties  of  tlie  conposite.  Tlie  types  of  composites  are  illustrated  in  figure  9. 

Basically,  therefore,  the  search  for  NDT  approaclies  requires  the  determin¬ 
ation  of  two  distinct  mechanical  properties.  Ihe  first  is  the  maximum  load¬ 
carrying  ability  whidi  we  shall  call  the  strength;  the  other  is  the  determin¬ 
ation  of  tlie  defonnation  moduli,  which  generally  reduces  to  a  determination  of 
the  elastic  constants.  Before  we  can  study  the  problem  in  composites,  it  is 
useful  to  scan  the  state-of-the-art  of  solutions  to  the  determination  of 
these  tw  groups  of  properties  in  simple,  tliat  is,  homogenous  isotrojiic  and 
continuous  materials .  Tlie  term  homogenous  is  used  here  on  the  engineering 
scale  and  does  not  eliminate  materials  comprising  several  metallurgical  phases 
or  containing  microscopic  inclusions  or  defects. 
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NONnESTRUCTIVi;  UliTERMINATTON  OF  THE  STRENGTH  OF  ^SIMPLE  MATERIALS 

Two  basic  ap]')roaches  are  used  to  deteniiiiie  iioiidestructively  tJie  strcuytii 
of  isotropic  materials.  Tlic  first  is  tlie  empirical  approach  in  which  we 
relate  tlic  strengt]i  to  a  sis^ial  obtained  by  tlic  measurement  of  a  variety 
of  physical  properties  and,  from  empirically  determined  calibration  curves 
determine  the  strenptJi  of  the  sample.  For  instance,  stresses  or  inetalluri>ica  1 
trails fonnatious  can  iie  related  to  tlie  electric  resistance  of  many  commercial 
alloys,  direct  resistance  measurement  or  eddy  current  inetliods  can  therefore 
ui  many  cases  be  calibrated  to  indicate  deviations  of  tlic  samyile  from  a 
standard  and,  in  some  cases,  also  be  used  to  piv^'c  quantitative  infonnation 
Such  methods  arc  generally  simple,  but  calibrations  have  to  be  careful Iv 
standardized  and  results  cannot  generally  be  extrapolated  beyond  tlie  limits 
of  tlie  standards.  Another  variant  of  tliis  approach  is  the  utilization 
of  emjiirical  relationships  whicli  may  occur  between  the  strength  of  a  material 
^id  its  modulus.  As  figure  1  shows,  modulus  measurements  cannot  be  extrapolated 
to  the  strength  value  unless  an  empirical  test  shows  tiiat  the  modulus  is 
in  some  way  related  to  strcngtli  for  a  particular  material. 


other  approach  is  leased  on  the  assumption  that  a  material  without  de¬ 
lects  lias  a  known  strength  whicli  is  proportionately  decreased  by  defects  in  the 
material.  Ihis  approadi_ is  capable  of  considerable  refinement.  Simple  examples 
of  this  approach  are  radiography,  which  detects  defects  caused  bv  density 
cliangcs,  or  tlie  use  of  microwaves  in  plastics,  which  are  attenuated  to  a  vary¬ 
ing  degree  by  porosity.  Iheoretically ,  once  tlie  assumption  underlying  this  an- 
Iiroacli  has  been  demonstrated  for  a  given  material,  extrapolations  can  be  car¬ 
ried  out.  In  Its  ultimate  refinement,  this  approacli  could  be  used  to  detennine 
the  strength  of  a  material  from  measurement  of  its  actual  atomic  or  molecular 
structure:  T'jc  theoretical  strength  of  a  perfect  metallic  lattice  is  about 
h/11.  Joint  defects,  line  defects,  precipitates,  solute  atoms  and  inclusions 
detract  fromthis  perfection  and  reduce  the  strength  of  metals  and  alloys  to  a 
level  approximately  three  orders  of  magnitude  lo'wer  than  the  theoretical 
strength.  The  total  load-carrying  ability  of  a  material  is  tlicrefore  its  tiie- 
oretical  load-carrying  ability,  were  it  a  perfect  lattice,  less  tlie  loads  re¬ 
quired  to  overcome  all  the  stresses  and  resistances  introduced  by  its  many 
lattice,  microscopic  and  macroscopic  defects.  Of  course,  it  is  unlikely  that 
a  rigid  analysis  of  all  tlie  various  factors  v^ill  ever  be  evolved  because  of 
their  maiy  interactions.  However,  it  has  been  shown  tliat  the  losses  due  to  var¬ 
ious  defects  can  be  related  to  the  damping  of  an  energy  impulse.  Purthenrore 
specific  losses  cause  danping  at  specific  impulse  frequencies.  In  recent  years 
our  imderstajiding  of  the  defect/damping  loss  reiationsliips  has  made  tremendous 
strides  and  now  offers  one  of  tlie  most  potent  tools  for  the  nondestructive 
uctcrminati on  of  actual  strength. 


Uarping  is  ciuantitativcly  described  by  a  loss  factor,  n,  given  by 

n  =  W,  /2ttW 
1)  0 


i.c.,  tlic  energy  dissipated  yier  cycle/total  energy  input, 
to  a  specific  damping  coefficient,  D,  by 


can  be  related 
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(2) 


o 


In  isotropic  materials  the  specific  damping  coefficient  is  a  function 
of  the  material  response  in  terms  of  its  intrinsic  properties, 
temperature,  frequency  and  stress  response.  Thus 


W 


D 


do 


(3) 


for  the  general  case  where  the  stresses  throughout  the  structure  are  not  uni¬ 
form.  Tliis  integral  may  be  rewritten  by  introducing  a  coefficient  D,,  the 
damping  coefficient  at  the  maximum  stress  in  the  structure,  as  follows: 


where  a  is  a  damping  energy  integral 


a  = 


1 

r 


j 


0 


/D  \ 


d(a/a^) 


(5J 


Tliis  integral  can  be  solved  analytically  for  simple  cases  and  by  graphical  or 
computer  metliods  for  many  other  cases,  provided  the  damping  function 

D  =  f(a)  (h) 

is  knoivn. 


Tlie  total  strain  energy  is  given  by 


W 


o 


of  max 

o  o 


adedV 


(7) 


within  the  elastic  range,  E  =  a/e,  and 
V 


7  IT 


dV 


L 
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which  can  be  rewritten 
ii,-  -  J-  cl 

0  2  E  (8J 

where  is  tiie  maximum  stress  and  B  is  a  stress  distribution  integral  given 


d(V/V  ) 

3157^  3(a/oj) 


fo?  S’"’®  ‘1“  stress  function 

tlirouohout  ?hc  sSuctuh  suJ  distribution  exists 

membog  The  Chapins  function  is  fJeqCont’^'ex^rSsed  7  loaded 

D  =  Ta'^ 

,  ,  .  (lUj 

aji  va  ues  for  tlie  integral  a  as  a  fuiiction  of  ]i  are  included  in  Table  1. 

For  tlio  elcastic  Ccase,  equation  8  becomes 
"e  =  7  (“jVia  V^B 

r’is'KivonX’"®  4  ioto  equation  1,  the  ioss  factor 

n  =  (h/TT)(iyaj23(a/B) 

il!tia'rn°is  eqial'\rd^roriL^?^iV-'^  case  wliere  the  danping  function  expon- 
1  x,',  c(|uai  10  c  lor  any  loading  condition  or  for  the  nr  n.r 

iS’nSixHiJvT^  -  petfood,  t-’i- 3  :- 

Soc[u-'tha;^^o’“C;« 

the''ex,)onJnt  '\r/'\'hif eJlionenfS  SZ  to 

iani  ojl7-r^dierr?an'^6^s°'t^^^^  f  als7frequenSy"denoterif ' 

An  analytic  expressions  descriptive  of  the  stress/str^i n  r-nim-  i  ■ 
other  than  elastic  can  ho  -issumoH  orha  a  "^-^-^^'J^.^^c^^ss/strain  rclationsliip 

ott„,ts  for  the  ioss  fact™i^ ’d^rteT-^o^  Ss7rth7 
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simplest  loading  case  of  tensile  or  compressive  loading,  \diich  removes  the  in-i 
tegral  of  strain  variation  over  the  volume  and  a  and  6  become  unity.  Equation 
7  therefore  becomes 


e 

/ 


ode  = 


°d^d 


e 


eda 


(13) 


For  elastoplastic  materials,  the  relationship 
a  =  Ke"' 

is  frequently  used.  Equation  13  can  therefore  be  integrated  to 


W 


o 


(l+m)/m 

-pTi 


1  +  m  j^l/m 


(14) 


(15) 


Tlie  total  work  to  failure  at  stress  is 


(l+m)m 

•»  •• 

Of 

1 

-p7S~ 

1  +  m 

Combining  this  with  equations  1  and  4 

Further  solutions  depend  now  on  the  relation  between  D  and  a 
equation  6  to  hold  to  failure 


which  becomes 


(16) 

(17) 

If  we  assume 


n 


=  Lo 


z 

f 


(18) 


where 


L  =  m  X  Zir  and  £  =  n  +  (1  +  m)m 

The  value  of  such  a  relationship  lies  in  the  fact  that  n  can  be  deter¬ 
mined  frOT  a  number  of  comparatively  simple  experiments ,  under  the  assump¬ 
tions  made  here.  Again,  these  assumptions  were: 


293 


1.  A  uniform  distribution  of  stress  and  strain  throughout  tiie  struc- 
true 


2.  A  simple  time  independent  exponential  relationship  between  stress 
and  strain  and  between  the  specific  damping  coefficient  and  stress 

If  tlie  exponential  relationships  cannot  be  assumed,  but  actual  stress/strain 
curves  and  specific  damping  coefficient/s tress  curves  are  available  for  tlie 
material,  a  solution  for  equation  1  can  still  be  obtained  by  graphical  or 
computer  methods.  If  the  stress  distribution  tliroughout  the  specimen  is  not 
unifom,  then  an  integration  factor  taking  care  of  this  variation  must  be 
introduced  in  the  relationship  through  a  strain  distribution  integral  v  analo¬ 
gous  to  the  integrals  ex  and  6. 

Our  problem  becomes  somewhat  more  complex  if  time  dependent  stress/strain 
and  damping  coefficient/stress  relationships  occur.  This  is  the  case  with 
visco-elastic  materials,  which  include  metals  at  elevated  temperature  and  most 
org^ics.  The  approximate  behavior  of  such  materials  is  described  by  a  model 
called  a  linear  visco-elastic  body,  v\fhich.  can  be  simulated  by  the  spring  and 
dashpot  arrangement  shown  in  figure  4  and  whose  behavior  is  given  by  the  math¬ 
ematical  relationship: 


a  +  T  a 
e 


M  (e  +  T  e) 
r  a 


(19) 


The  modulus  is  called  the  relaxed  or  steady-state  modulus,  the  factors 
T  and  T  are  the  relaxation  times  for  stresses  at  constant  strain  and  for 
strain  at  constant  stress,  respectively. 


Sucli  a  system  may  be  loaded  by  a  continuous  and  constant  load  or  strain 
such  as  a  creep  load,  or  it  may  be  loaded  by  repetitive  load  impulses.  In  the 
latter  case  the  ratio  of  peak  load  to  strain  in  phase  with  the  load  is  called 
le  dynamic  or  imrelaxed  modulus  M  .  M  and  M  are  proportional  to  tlie  ratio 
of  and  T^.  Under  conditions  of^periHdic  loading 


0(1)  -  a  exp  (i  a)t)  and  e(t)  =  e 


exp  i  wt 


(20) 


and  equation  19  therefore  becomes 

(1  +  i  u)T^)a^  =  ^^(l  +  iu,  T^)e^ 

or  in  terms  of  a  complex  modulus  M* 

1  +  iw  T 

M*  =  T - 2.  M 

T  +  i(i)  ‘g 


(2ij 


(22) 
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The  I'eal  conponent  of  this  modulus  is  the  ratio  of  stress  to  strain  in  phase 
witli  the  stress ,  M  ,  given  by 


For  values  of  co  t  t  <<|M(jj  tends  to  be  equal  to  M  ,  while  for  values  of 
w  T  >>|M  tend?  toward  M  .  llie  loss  factor  n  Jan  be  related  to  this  fre- 
(|uency  modut’us  by 


d  tn  M 


(24J 


llie  concept  of  strength  in  such  materials  is  more  difficult  to  define, 
because  it  is  no  longer  a  material  variable,  but  also  depends  on  the  loading 
rate.  For  instance,  in  the  model  in  figure  4,  a  very  rapid  loading  rate 
would  eliminate  the  daslipot  effect,  unless  its  viscosity  coefficient  is  very 
low,  wliile  a  very  slow  loading  rate  ivould  make  the  strength  of  the  system 
virtually  dependent  on  the  strength  of  the  spring  with  spring  constant  K2 . 
Material  properties  could  thus  be  deduced  from  the  comparison  of  the  relative 
system  response  at  two  frequencies  varying  significantly  in  terms  of  the  vis¬ 
cosity  and  spring  constants.  Once  the  fact  of  the  nonconstancy  of  strength 
is  realized,  evaluation  of  the  danping  characteristics  of  such  systems  can  be 
used  to  obtain  much  valuable  information  on  material  quality  and  properties. 

Of  particular  inportance  to  material  evaluation  are  damping  peaks  at 
specific  freciuencies ,  whicli  can  be  related  to  physical  phenomena  witliin  the 
material.  The  loss  factor  can  be  related  to  the  relaxation  times  and  frequen¬ 
cy  by  the  equation 


this  equation  has  a  peak  for  values  of  x  =  1  and  a  frequency  versus  loss 
factor  graph  indicates  a  number  of  characteristic  peaks  associated  with  speci¬ 
fic  phenomena.  Such  a  spectrum  is  shown  in  figure  5.  A  great  deal  of  work 
lias  been  done  in  recent  years  on  the  analysis  of  such  spectra  and  the  study 
of  their  significance.  However,  many  of  these  studies  have  been  directly  re¬ 
lated  to  solid-state  physics  phenomena,  which  as  yet  cannot  be  fully  exploited 
for  applications  in  NDT.  The  problem  is  tlie  determination  of  the  relation¬ 
ship  between  stress  and  relation  times  for  various  frequencies.  As  tlie  stress 
level  increases,  not  only  the  peaks  of  tlie  relaxation  spectrum  shift,  but  also 
tlie  position  of  the  several  peaks  and  new  peaks  that  appear.  This  is  indica¬ 
tive  of  various  deformation  mechanisms  at  different  stress  levels  for  a  given 
material.  A  complete  physical  and  analytical  understanding  of  these  mechan¬ 
isms,  at  this  time,  seems  rather  remote.  However,  the  general  approach  and  a 
clualitative  understanding  of  the  relation  of  the  factors  and  moduli  involved 
is  a  very  promising  approach  to  NDT.  Very  useful  results  have  been  obtained 
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by  measurement  of  damping  of  magneto-elastic,  ultrasonic  and  comparativeiv 
low  frcciuency  (sonic)  vibrations  to  estal)lisli  test  methods  for  fatigue  Jiiiiits 
and  strength  levels,  damping  resonance  peaks,  not  only  of  meciianical  vil)ra^ 
tions  l)ut  including  ultrasonic  vibrations,  and  also  of  electromagnetic  vibra 
tions  and  interactions,  have  also  been  used  successfully  for  NUT  inspection 
purposes , 


One  of  the  basic  assumptions  underlying  the  treatments  in  this  section 
nas  been  the  isotropy  of  tlie  material.  This  implies  tliat  tlie  phenomena  dis¬ 
cussed  are  volume  or  mass  plienomena  independent  of  any  surface  properties. 
However,  many  mechanical  properties  are  closely  related  to  surface  effects  ai;a 
manifest  themselves,  in  tlieir  early  stages  at  least,  by  surface  perturuations . 
i\n  analysis  of  the  vibratory  plienomena  of  a  surface,  covering  electromagnetic 
as  well  as  mechanical  vibrations,  would  therefore  be  very  useful  for  tne 
development  of  HDl  methods  for  sucii  surface  sensitive  properties.  However,  as 
lar  as  can  be  ascertained,  iio  suen  analysis  is  yet  available,  tiiougn  numerous 
experiments  with  surface  vibrations,  such  as  iiigh  frequency  current  effects 
;nid  ultrasonic  surface  waves,  liavc  shown  promise. 


Ihc  pliilosophy  underlying  this  discussion  on  strength  determiiiation  re¬ 
solved  itself  into  a  negative  approacn,  tlie  measurement  of  losses  detracting, 
from  tne  tlieoretical  or  maximum  strcngtii.  Consideration  must  be  given  to  the 
positive  approach  of  direct  methods  of  measurement  of  measuring  cohesive  prop¬ 
erties  nondestructively .  Inis  problem  must  be  attacked  on  at  least  two 
scales,  tlie  atomic  scale  and  the  metallurgical  or  microscopic  scale.  As  yet, 
no  actual  methods  seem  to  be  available.  One  can,  however,  speculate  on  pos¬ 
sible  approaches.  Present  destructive  test  methods  depend  on  tiie  measurement 
of  cohesion  between  lattice  sites,  i.e.,  the  positively  charged  force  centers, 
in  metal,  at  least,  these  are  electrically  counterbalanced  by  the  complex  dis¬ 
tribution  of  electron  levels.  Perturbations  in  tliis  electron  distribution 
carry  througli  to  the  microscopic  scale  of  approaclm  Plienomena  associated  witli 
these  electron  levels  are  studied  tiirough  a  numher  of  effects,  sucli  as  Hall 
ettects,  electron  resonance  and  nuclear  magnetic,  resonance.  A  tentative  start 
iias  been  made  in  the  evaluation  of  such  effects  for  NUT  purposes.  It  nas' ixicn 
shown,  for  instance,  that  both  the  nuclear  magnetic  resonance  and  the  Mocss- 
bauer  effect  are  stress  dependent. 
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ELASTIC  PROPERTIES  OF  SIMPLE  MATERIALS  AND  NDT 


liie  determination  of  elastic  properties  of  materials  for  nondestructive 
purposes  has  several  applications.  First,  a  knowledge  of  elastic  properties 
as  sucli  IS  required  for  material  evaluation.  Secondly,  elastic  propertiis  cm 
be  used  as  a  basis  for  empirical  extrapolation  of  strength  data.  Finally  a' 
mow  e  ge  of  elastic  properties  is  essential  for  tlie  determination  of  stresses 
astic  rmge,  such  as  the  wide  field  of  measurement  of  residual 
stress,  ihree  principal  methods  are  available  for  the  nondestructive  deter- 

par  JJL 

rials  tho  measured  values  do  ..ot  agree  too  well  with  elastic  plcperties  of- 
tauiod  by  otlier  tests.  This  is  due  to  the  clastic  aiiisotropy*^o/tlic  crystal - 
lltes  y  tlie  polycrystals  and  tlie  selective  properties  of  an  X-ray  bean?^ 

.Aich  tends  to  pick  out  crystallitos  witl,  ceUain  orientations  only  Cerrec- 
n  facyrs  can  lie  developed,  hut  tliese  factors  are  available  for  a  limited 

0.1  ’“lu^faL  f  ysadvantage  of  the  X-ray  .iethoJ  L  Iha? 

o  1>  surface  layers  can  be  examined;  a  bulk  examination  requires  successive 
surface  removal  and  is  a  very  tedious  method.  -'successive 

Deflection  measurement  methods  are  simply  bend,  torsion  tensile  or  enn 
pression  tests  carried  out  with  relatively  low  forces.  'nirpracJi^l  p^oSSn 

measurement  of  very  small  strains.  However,  a  more  fund- 
Miental  problem  exists  in  tliese  tests  and  tliat  is  tlie  restraint  placed  on  Sie 
whatever  method  is  used  to  transmit  the  load.  For  instance  in 
Tlip^r*  ^  ^  sheet,  grips  are  used  to  hold  opposite  edges  to  apply  tension 

Ihese  grips  also  constrain  the  contraction  of  the  sheet  and  strain  meLSe 
trn?  edges  would  therefore  give  erroneous  results,  as  far  as  the 

true  clastic  properties  of  the  sheet  material  are  concerned.  The  same  prolilem 

If 'tirdeflirt^^”^’  clamping  affects  the  deflection  quite  profoundly 

ILl  ^  Jeaection  under  a  given  load  is  used  to  measure  the  elastic  constmits 

deflexion  forSffreelv''''  i  in  a  simple  beam  the  maximum 

ucticction  lor  the  freely  supported  beam,  centrally  loaded,  is  four  times  tint 

idlv  ^  F^''  central  load,  but  with  tlie  ends  clamped  rig- 

y.  For  [ilates  tho  variation  is  even  greater. 

^  applied  to  a  structure  and  subsequently  suddenly  releasori 

.  ni  vfb^tc  wlr'^L  '’'■Winal  shapr?™cdiate?y  but 

r\  fn  J.  frequency  called  tlie  natural  frequency  of  tiie  structure 
If  a  force  pulse  is  apiilicd  to  the  bar  at  that  frequency  the  vibratioinr 
S  increase.  A  resonance  condition  between  the  pulse  and 

frequency  is  also  called  the 
on  a  vibrating  structure,  the  transverse  inertia 

t?a,.sveL  diScS  "“In  If  f°rce  component  in  tl.c 

1  tLsioifl  LCh  simplest  case,  that  of  a  slender  bar  of  length 

ca.?t  expressed  Is  i8''°ruJ>  t'-is  baL.ce 
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(20) 


W  6  2y  _ 

_  2 

\'.'herc  a^  =  T  y/w 

III  the  case  of  a  bar  with  stiffness  b,  tliat  value  replaces  T  for  tlie 
c(|uation  of  motion  (21).  From  these  equations,  the  frequency  ccjuation  for 
the  bar  can  be  derived,  which  is 

'jj 

-X'  "  ^  ^^8) 

vdicre  is  tlie  natural  freciucncy. 

(0^  =  iiTi/Tg/Ji/iv’  =  inr/Eg/a/p  (2L)J 


(27) 


for  tlie  case  of  an  ideal  bar  u'ith  no  stiffness  or  a  bar  witli  stiffness  f. 

Tlie  latter  case  makes  the  assumption  that  the  material  of  tlie  bar  is  not 
restrained  Laterally  liut  can  expand  and  contract  as  tlie  pressure  i;ave  travels 
alouR  it.  Tliis  condition  applies  only  if  the  diameter  d  of  tlie  bar  is  of  tlie 
order  as  the  waveleiiRth  of  tlie  pulse.  As  this  wavelcngtli  iapproaclies  the 
value  of  \  =■--  2d,  the  lateral  contractions  arc  important  and  the  value  of  f 
laust  be  replaced  liy  the  shear  modulus  (i.  The  inte,t>er  n  determines  the  modes 
of  vibrations  which  arc  referred  to  as  the  first,  second,  etc,  haniionic. 

Now,  iiira)  is  a  velocity,  and  is  tlie  velocity  of  travel  of  a  comjiression  wave 
alony  the  ienyth  of  tlie  bar.  This  velocity  can  lie  measured  by  a  number  of 
experimental  arrangements  and  from  it  tlie  elastic  constants  can  iic  determined, 
ihe  simple  c(|uation  (2‘J)  a|iplies  only  to  a  slcntlcr  rod.  For  bulk  solids  tlic 
Poisson  I'atio  v  must  he  considered.  In  this  case  tlie  speed  of  the  compression 
ivave  Ijj, 

Ik,  =  /b(l-vj/p  (1+v)  (l-'2vj  (■3(jj 


.Vnotlior  exainiiie  is  tlie  case  of  a  cantilever  beam  fixed  at  one  end;  the  natural 
lrequenc\'  of  triuisvcrse  vibrations  is  given  by 


-  [(2n  -  1)tt/2£]  /lig/p  (3JJ 

Solutions  arc  available  for  a  number  of  other  simple  systems . 

Ive  tlius  liave  two  vibrational  methods  of  measuring  the  elastic  constants, 
liie  first  is  to  measure  the  velocity  of  wave  ])ropagation,  as  discussed  aiiovo. 
ihe  second  metliod  is  the  determination  of  tlie  natural  frequency  by  pulsing 
tlie  system  with  a  var>dng  freciucncy  pulse  and  noting  by  means  of  displacement 
gages  or  accelerometers,  etc,  tlie  frequency  at  whicii  maximum  ,am])litudcs  indi¬ 
cative  of  resonance  conditions  occur.  Eitjier  method  can  be  used  comparatively 
i.e.,  comparing  a  structure  under  test  and  a  standard,  or  as  an  absolute 
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accurately  knoivn  for  absolute  methods  for  comparative  methods  or 

isotropy  of  physical  properties  inust  exiS  ';mifo™ity  nod 

frequencies  must  be  sucli  that  j-  ?  f^o  choice  of  test 

be  ignored.  Finally,  t]ie  quLtiorarto'^wMH^T^  damping  effects  can 
a  very  real  problem  in  many  tests.  harmonic  is  tuned  in  jiiay  be 

relationships!  ^irSdditiorto^thriLpitud^^^l^^'^^”^^  Propagation 
are  set  up  in  a  vibrating  member  which ^can  contract^and^^^^^^a°r 
limited  restraint.  Further  wave  modes  are 

tudinal  or  shear  waves  encounter  a  free  whenever  tiiese  longi- 

modes  are  tJie  Rayleigh  waves  which  interface.  Such  wave 

wavelengtli  into  [he  m^terl!!  ’  frSm  JhfsSf aL  ^ 

surface  waves.  The  application  of  a  torlioSl  ,  tvhici:  are  tnje 

shear  waves,  whicJi  in  turn  mav  lorsional  loading  initially  sets  up 

bulk  of  the ’material  Sd  trLr!aS''S!  \°^^i^»dinal  waves  witJiin  the 
come  very  conplex,  but  have  been  used  ^^,^®^3Ctions  may  be- 

elastic  properties.  cases  for  the  evaluation  of 
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PROPERTY  DETERMINATION  OF  CONTINUOUS  COMPOSITES 


A  continuous  composite  has  beer,  defined  as  a  continuous  matrix  contain 
ing  continuous  filaments,  as  shoMi  in  figure  2^  or  lamellar  plates  of 
another  material.  Specific  examples  would  be  glass  fiber  or  glass  cloth 
reinforced  plastic,  boron  fiber  reinforced  metal  matrices,  laminated  sheets 
consisting  of  metal,  wood  laminae,  etc.  Qualitatively,  several  factors 
are  involved  in  the  material  response  to  a  load:  first,  the  mechanical 
properties  of  the  constituent  materials,  such  as  the  fiber  and  matrix; 
second,  the  relative  proportions  of  the  constituent  materials;  third,  the 
interface  properties  and,  fourth,  the  geometric  factors,  both  as  to  dis¬ 
tribution  of  the  constituent  materials  and  the  overall  geometry  of  the  part 
and, finally, the  mode  of  loading.  These  factors  are  to  some  extend  inter¬ 
dependent.  For  instance,  geometric  constraints  may  change  the  effective 
properties  of  the  constituent  materials.  From  a  materials  evaluation  and 
research  point  of  view,  a  complete  analysis  of  each  of  these  factors  is 
desirable.  However,  from  the  designer's  or  system  engineer's  point  of  view, 
we  are  only  interested  in  deviations  from  an  expected  norm.  These  deviations 
may  be  in  elastic  properties  or  strength  and,  not  only  their  magnitude,  but 
also  their  geometric  extent  has  to  be  determined. 


A  number  of  relations  have  been  established  for  elastic  constants  and 
stress/strain  relationships  in  filamentary  composites.  Tliese  generally  con¬ 
sider  the  material  to  be  perfectly  elastic  and  have  not  yet  been  related  to 
natural  frequency  equations.  However,  a  noteworthy  observation  relates  to 
tlie  measurement  of  deflections  by  the  use  of  strain  gages.  In  an  orthotropic 
body  tlie  use  of  simple  strain  gages  fixed  along  the  principal  axis  is  not 
enou^.  Strain  gage  rosettes  of  either  delta  or  Y  shape  must  be  used  to 
obtain  adequate  data  for  the  calculation  of  the  principal  strains. 

If  we  consider  the  composite  as  an  orthotropic  material,  with  proper¬ 
ties  differing  along  each  Cartesian  coordinate,  a  number  of  solutions  for 
such  problems  are  available.  Most  of  these  solutions  make  the  assumption 
of  uniform  properties  along  each  coordinate  and  linearly  elastic  properties. 
Under  these  conditions  the  equation  of  motion  of  an  orthotropic  plate  of 
tliickness  h,  freely  supported,  is  given  by 
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Only  four  of  the  five  elastic  constaats  are  independent;  Maxwell's  recipro¬ 
cal  theorem  can  be  used  to  show  that  the  plate's  transverse  strain  due  to 
unit  longitudinal  stress  must  be  equal  to  the  longitudinal  strain  due  to 
unit  transverse  stress,  i.e., 


V  =  (E  /h  )v  ^ 
xy  x'  y^  yx 


(33) 


I'he  natural  frequency  of  the  orthotropic  plate 
be  calculated  and  is 


of  dimensions  a  x 
"I  1/2 


b  can  then 


(34) 


Tliere  are  four  independent  elastic  constants  in  the  equation,  which  can  be 
determined  from  four  values  of  m  and  n.  The  above  equations  apply  to  a 
freely  supported  plate.  Edge  clamping  conditions  become  quite  critical. 

Tliey  can  be  expressed  as  a  factor  for  the  natural  frequency,  but  the  size  of 
this  factor  may  be  quite  appreciable.  For  instance,  for  a  thin  isotropic 
plate,  the  factors  for  some  edge  clamping  conditions  are  below: 


NATURAL  FREQUENCY  CLAMI’ING  CORRIuCTION  FACTORS 
FOR  THIN  SQUARE  PLATES 


1st  Mode 

6th  Mode 

All  Edges  Free 

20 

60 

One  Edge  Clamped 

3 

54 

Two  Opposite  Edges  Clamped 

20 

80 

All  Edges  Clamped 

33 

150 

Resonance  analysis  can  therefore  be  used  to  determine  elastic  properties 
and  deviations  from  elastic  properties  due  to  material  defects  in  composite 
structures.  However,  absolute  measurements  are  complicated  by  tlie  fact  that 
deviations  from  a  standard  will  change  the  nodal  patterns  and  tliercfore  also 
cl^ange  the  effects  of  clamping  conditions.  A  very  good  example  of  the  util¬ 
ization  of  this  analysis  is  tlie  use  by  Rolls  Royce  (Reference  1  )  of  a  com¬ 
puter  programed  analysis  of  a  number  of  nodal  points  and  frequencies  of  com¬ 
plete  engine  shrouds.  As  a  result  of  this  program.  Rolls  Royce  are  able  to 
determine  not  only  the  reliability  of  elastic  properties  of  the  structure, 
but  also  any  dimensional  variations. 

In  tlie  testing  of  filamentary  composites,  deviations  from  elastic  pro- 
]')erties  are  most  likely  to  be  due  to  either  degradation  of  either  the  matrix 
or  the  fiber  material,  changes  in  the  volume  percentage  of  fibers  or  clianges 
in  the  fiber  direction.  Figure  6  shows  the  dependence  of  a  composite  modulus 
and  Poisson  ratio  on  fiber  direction.  Evidently  quite  small  deviations  result 
in  large  changes,  initially,  in  the  mechanical  properties,  llic  problem  of 
deciding  wliether  an  observed  change  in  modulus  is  due  to  material  degradation 
or  change  in  fiber  direction  can  be  resolved  by  additonal  testing,  such  as 
standard  radiography,  for  fiber  alignment.  It  has  been  shown  (Reference  2  ) 
that  fiber  alignment  can  be  shown  quite  well  by  radiography  even  in  multilayer 
structures . 
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CONCLUSIONS 


'llic  classical  methods  of  nondestructive  testing,  i.c.,  the  inspection 
for  gross  defects  of  tlie  component  materials  of  a  system,  are  no  longer 
adequate  for  the  inspection  of  composite  systems,  wliere  tlierc  is  extensive 
interaction  of  the  properties  of  tlie  component  materials.  Under  these  con¬ 
ditions  the  composite  mast  he  tested  as  a  system.  Prom  the  point  of  view 
of  system  reliability,  too,  such  an  ajiproach,  rather  than  a  search  for  gi  oss 
defects,  which  must  hy  empirical  means  be  correlated  witli  system  pcrformanci: , 
is  desirable.  The  mechanical  properties  to  be  determined  are  either  clastic 
moduli  or  strength  properties.  Any  relation  between  these  two  groups  is 
coincidental  and  must  be  established  empirically.  Vibrational  analysis  and 
methods  based  on  the  examination  of  tiic  response  of  tlie  composite  system  to 
pulsed  vibrations  appear  to  be  the  most  promising  approach  at  present. 

1  elastic  properties  can  be  related  to  resonant  frc(]ucncy  jjhenomcna,  and  many 
relations  between  the  attenuation  of  such  pulses  and  strength  parameters 
iiave  been  established,  llic  apy^lication  of  tins  approach  is  limited  by  the 
matliematical  complexity  of  the  analytical  approacli  to  all  but  the  simplest 
systems.  However,  differential  methods  could  be  used  to  establish  compliance 
of  a  test  system  witli  a  system  stajidard.  Lxpcrimentally ,  a  wide  variety  of 
pulse  exciting  and  response  sensing  elements  is  available.  Limited  use' lias 
also,  so  far,  been  made  of  the  many  analogs  present  between  vibrational 
response  and  the  behavior  of  an  alternating  current  or  the  possible  use  of 
analog  computer  could  l)e  used  as  system  standard  in  comparative  tests,  with 
a  digital  computer  in  a  feedback  loop  analyzing  the  variations  between  test 
part  and  "standard”.  It  is  suggested  that  tlie' increased  use  of  composite 
materials  not  only  in  the  aerospace  indastiy,  but  in  industry^  generally, 
should  now  provide  tlie  incentive  for  an  extended  study  and  application  effort 
on  field  of  vibrational  analysis  as  a  nondestructive  testing  tool. 


302 


Another  direct  approach  to  the  measurements  of  elastic  constants  is  the 
measurement  of  wave  propagation  velocity,  particularly  ultrasonic  velocity 
measurements.  Figure  1  shows  the  acoustic  velocity  for  a  number  of  com¬ 
posites  and  composite  matrix  and  fiber  materials.  The  diagram  compares  experi¬ 
mentally  determined  data  with  the  results  of  the  longitudinal  velocity  cal¬ 
culated  from  the  elastic  constants.  The  acoustic  velocity  in  alloys  was  cal¬ 
culated  by  means  of  the  equation 


The  estimation  acoustic  velocity  in  the  composites  examined  assumed  a  compos¬ 
ite  consisting  of  a  plate  of  matrix  bonded  transversely  to  the  direction  of 
wave  propagation  to  a  plate  of  filament  material.  Under  these  conditions  tlie 
velocity  is 


''  =  "  ''fV 

where  the  subscripts  f  and  m  refer  to  the  fiber  and  matrix  respectively  and 
f  is  tlie  appropriate  volume  fraction.  The  results  show  good  agreement  between 
experiment  and  estimate  in  composites.  Deviations  are  probably  due  to  the 
uncertainty  in  the  values  of  the  elastic  constants  of  the  materials  in  tlie 
conposite. 


ITie  determination  of  strength  presents  quite  a  different  problem  from 
the  determination  of  elastic  properties.  Tlie  strength  of  a  filamentary 
composite  up  to  a  certain  critical  fiber  volume  is  a  function  of  the  ulti¬ 
mate  strength  of  the  matrix  material  and  its  volume  percentage  only.  Witli 
such  composites  the  measurement  of  bulk  properties,  i.e.,  measurements 
assuming  tlie  composite  to  be  an  orthotropic  solid,  would  give  erroneous 
results.  In  such  materials  a  strength  correlation  could  only  be  established 
by  measuring  the  fiber  volume  and  then  determine  any  parameter  related  to  the 
matrix  strength.  For  instance,  tlie  theory  of  damping  measurements  could  be 
applied  by  measurement  of  the  attenuation  of  a  surface  wave  in  the  isotropic 
matrix  material  surface  layers.  Composites  in  wliich  tlie  content  exceeds  the 
critical  volume  can,  theoretically,  be  considered  as  orthotropic  solids. 
Attenuation  measurements  using  ultrasonic  waves  are  currently  being  conducted 
but  results  are  not  yet  known. 


Tlie  strength  properties  of  filamentary  composites  depend  on  the  degree  of 
adliesion  between  fibers  and  matrix.  It  lias  been  shown  by  direct  radiographic 
observation  of  markers  spaced  between  fibers  and  matrix  that,  up  to  the  fail¬ 
ure  of  the  composites  tested,  no  differential  strains,  longitudinally  to  the 
fiber  axis,  occurred  between  fiber  and  matrices.  Because  the  elastic  moduli 
of  fiber  and  matrix  differed,  a  load' transfer  between  fiber  and  matrix  must 
have  occurred  during  loading,  which  is  limited  either  by  the  strength  of  the 
composite  component  materials  or  by  the  shear  strength  of  the  interface  bond. 
Ihe  experimental  determination  of  this  shear  strength  allowing  the  transfer 
of  loads  from  the  matrix  to  the  fibers  is  a  problem,  which  so  far  has  been 
solved  neither  destructively  nor  nondestructive ly.  A  possible  approach  is 
through  the  measurement  of  the  width  of  tlie  diffusion  affected  zone  width 
(analogous  to  the  heat  affected  zone  concept  in  welding) ,  and  empirical  cor¬ 
relations  of  that  width  with  shear  strength.  In  the  case  of  a  single  bond 
line,  as  obtained  in  solid-state  (diffusion  bonded)  materials,  a  correlation 
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appears  to  exist  between  that  none  width  and  tlio  tciisilc  strength.  'Inis  is 
sliov/n  for  two  systems  in  figure  8.  Microscopic  measurements  on  Ijoron/ 
titanium  interface  diffusion  zones  liave  sliovm  this  zone  to  be  about  2  microns 
thick.  This  is  of  tlie  same  order  siid,  if  a  relationship  between  tliis  thick- 
licss  and  shear  strength  can  be  established,  methods  suitable  for  the  measure¬ 
ment  of  interface  bond  strength  can  be  utilized.  Tlic  problem  of  this  inter¬ 
face  will  be  discussed  later  for  the  case  o'"  tlie  flat  laminate  interface.  i\o 
solutions  are  available  for  the  case  of  a  cylindrical  laminate  interface,  as 
would  be  the  case  in  filamentary  composites,  iuwever,  the  approach  appears 
entirely  feasible. 

As  far  as  the  nondestructive  determinaticx.  or  composite  strength  is 
concen'iC'd,  we  are  still  veiy  inucli  in  tlie  old  position  of  having  to  inspect 
for  defects  rather  than  for  properties.  Tlie  state-of-tlie-art  of  defect  in¬ 
spection  in  composites  lias  been  reported  elsewhere  (Reference  2) .  It 
vvas  concluded  tliat  standard  techniques  of  radiography  and  pulse-echo  C-scans 
can  lie  used  to  define  single  fiber  breaks  and  matrix  disbonds  in  a  number  of 
applicable  composite  systems.  'Ihe  two  principal  problem  areas  for  which 
no  ready  solutions  were  available  were  the  problems  of  interface  bond  strength 
and  residual  stress  measurement  of  the  fiber  embedded  in  the  composite.  For 
laminated  composites,  models  arc  available  for  y^erfcctly  elastic  materials  and 
elastic  material  with  visco-elastic  interfaces.  Tnc  latter  is  of  particular 
inportance,  because  they  give  a  possible  approach,  to  strength  detennination 
as  well  as  determination  of  elastic  constants.  Purtlicrmore ,  the  problems  of 
discontinuous  composites  can,  in  some  cases,  be  reduced  to  that  of  tlie  lam¬ 
inate  with  a  visco-elastic  interface. 

Kenvin  (Reference  41  has  analyzed  the  prolilem  of  a  visco-elastic  layer 
sandwiclied  between  two  elastic  plates  and  reduced  tlie  solution  to  tw'o  param¬ 
eters,  one  geometrical  and  another  one  a  sliea-,  parameter  related  to  moduli 
and  frcciuencies .  llis  ivork  is  mainly  aimed  at  the  calculation  of  optimum 
daaping  effects  from  such  layers  and  damping  v:atches,  but  could  be  adapted  to 
tlie  analysis  of  tlie  interaction  of  adliesive  ixropertics  and  system  damping. 
I:X]icrimcntally ,  damping  in  even  vcr>^  tliiii  interface  layers  has  been  demon¬ 
strated  on  solid-state  bonded  titanium  alloy  blocks.  Tlie  blocks,  2  inches 
tiiick  with  a  single  bond,  were  examined  by  pulse  echo  metliods  using  2-1/2  to 
lU  MHz  frequency  pulses.  The  eclio  from  the  bond  line  sliow'cd  up  clearly  and 
indicated  an  attenuation  ivhicli  dianged  witli  vaiying  bond  strengtli.  Results 
are  shoim  in  figure  i).  Apart  from  demonstrating  a  damping  factor/strength 
relationship,  tiic  example  epaoted  also  sliows  the  very  fine  limit  of  sensitiv- 
it}’  whicii  such  metliods  cam  achieve. 


TIE  PROPERTY  DETERMINATION  OF  DISCONTINUOUS  CQ'^OSITES 


Tlie  types  of  composites  considered  liere  are  principally  the  sandwich - 
type  of  structure,  whidi  can  be  presented  by  t\\ro- dimensional  models,  and  the 
lioneycomb  structure.  Other  structures,  for  instance  a  structure  witli  a 
dimpled  sheet  welded  between  flat  facing  sheets,  are  of  course  used,  but 
not  on  a  wide  enough  scale  to  warrant  extensive  mathematical  analysis. 
Structures  consisting  of  such  composites  may  vibrate  in  two  different  ways. 
First,  the  panel  may  vibrate  as  whole  and,  secondly,  the  facing  slaeet  ele¬ 
ments  between  tlie  honeycomb  cells  or  connecting  struts  may  vibrate.  Hie 
first  way  of  vibration  is  closely  related  to  tlie  shear  properties  of  the 
core  while  tlie  adliesive  or  joint  properties  between  core  and  facing  sheets 
play  a  relatively  small  part.  In  the  second  way  of  vibration,  these  joint 
properties  become  very  important. 


Considering  a  honeycomb  panel  as  a  plate,  its  natural  frequency  of 
vibration  is  given  by  Wallace  (Reference  5) 
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(37j 


where  a  and  b  are  the  breadth  and  width  of  the  panel,  G  the  core  shear 
modulus,  tr  the  facing  sheet  thickness,  t^  the  core  thickness,  p  the  panel 
mass/unit  area  and  Mp  the  panel  modulus  given  by 
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Equation  35  will  be  sensitive  to  changes  in  E  and  v  of  the  facing  sheet  and  to 
the  panel  geometry.  Damping  due  to  the  facing  sheets,  core  and  adhesive 
losses  is  ignored.  More  complex  analysis  of  the  stress/strain  relationships 
in  honeycomb  beams  exist,  such  as  those  given  by  Avery  (Reference  6) , 

Pretlove  (Reference  7) ,  and  Mead  and  Froud  (Reference  8) ,  Tliompson  and 
Clary  (Reference  9),  and  Fang,  Forray  and  Benedicto  (Reference  10).  Some 
of  these  consider  the  damping  due  to  visco-elastic  bonds.  In  either  case 
relationships  liave  or  can  be  established  between  the  natural  frequency  and 
modes,  and  the  elastic  constants.  However,  the  complexity  of  these  relation¬ 
ships  removes  them  from  tlie  scope  of  this  paper.  Of  particular  interest  is 
a  relationsliip  established  by  Avery  (Reference  6)  between  the  damping  of 
the  structure,  in  his  case  a  beam,  and  tlie  loss  coefficients  of  the  facing 
sheet  and  adliesive.  After  some  simplification,  he  obtained  for  the  damping 
ratio 


Ratio  = 


"aVa  ,  "f 
^  T 


(39) 
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v.’herc  the  subscri])ts  a  ,'uid  f  refer  to  tlic  aJiicsive  and  facinn  siicct  ;:i  and 
t  are  tJie  tliicknesscs.  and  h  the  elastic  moduli,  n  and  n.  arc  the’ioss 
tactors  of  the  adiiesivc  and  facing  sheets. 


vibrational  i:)roporties  of  a  sandwich  pa]:el,  as  a  structure  can 
thereforc  be  utilized  to  test  for  the  clastic  and  visco-elastic  constants 
of  the _ component  materials.  However,  the  practical  problem  of  vibrating  and 
measuring  the  response  of  an  entire  structure  makes  this  anproach  rather 
cumbersome  for  general  HDT  jvirposes .  lliis  leaves  the  possil^ility  of  explor¬ 
ing  the  properties  of  the  lioneycomh  tlirougli  analysis  of  tlie  response  of 
individual  Clements.  Of  particular  interest  is  the  bond  strength  of  the 
acUicsive  of  the  facing  sheets  to  tlie  core.  In  order  to  demonstrate  tlie 
iclationship  between  dajiiping  coefficient  and  l)on(.i  strength,  resonance  peaks 
were  measured  in  simple  lap  joint  specimens  bonded  with  atlhesive  degraded 
to  various  strength  levels  lower  tlw'm  the  maximum  (Mefcrcnce  11).  From 

1  iactor  can  be_ detemined  In/  measuring  tlic  frcciucncv  baml- 

vidth  at  lualf  peak  amplitude  and  dividing  l>v  the  picak  frequency.  The  results 
are  plotted  in  figure  lU.  A  clearly  Msco-elastic  response  is  indicated 
from  wluch,  for  instance,  an  indication  of  the  relaxation  time  as  given  in 
upiation  can  be  obtained.  ^  Assuming  an  avcrag.e  relaxation  time 
'  "  average  time  for  tlie  material  tested  is  about  8.45  micro¬ 

seconds  lor  tlic  1000  [isi  material  and  3.5u  microseconds  for  the  4U(J0  psi 
material.  ' 


In  order  to  apply  the  apjiroacli  to  honeycomb  structures,  a  numlier  of 
concepts  must  be  definedand  clarified,  an  experimental  procedure  must  be 
ueveloped,  aiid  a  theoretical  approach  must  be  organized.  Ihe  concept  of 
ion  s  rcngti,  or  instance,  depends  both  on  tlie  test  method  and  tlie  number 
of  cells  tested.  In  order  to  determine  tlie  effect  of  the  number  of  cells  on 
flatwise  tensile  bond  strength,  specimens  were  prepared  using  4-3/4-inch 
honeycomb  composites  in  forms  containing  one,  two,  tliree,  four,  five  or  more 
honeycomb  cells.  Ilie  results  of  these  tests  are  shown  in  figure  11  A 
single  cell  exliibited  a  greater  strength  than  rmy  multicellular  test  spe- 
ciiiicn.  owever,  for  multicellular  test  specimens,  the  apparent  streno-th 
increases  with  tne  number  of  cells  tested.  A  correction  factor  can  l)c 
applied  to  multicellular  structures  to  allow  for  the  fact  that  several  cells 
siare  tiie  Sc^e  cell  w-alls.  For  cluster  arrangements,  as  tested  here  the 
correction  factor  is  approximately  ’ 

factor  =  ~ 

bn  (4UJ 

where  n  is  the  number  of  cells  greater  than  two.  For  a  dual  cell  structure 
the  correction  factor  is  11/12.  11, c  corrected  curve  indicates  that  for 

^e 11  numbering  up  to  about  10,  tlie  strength  is  approximately  constant.  The 

£nd  arcf probalily  due  to  the  additional  core  web 
^  ^  be  desigmed  to  cover  an  area  of 

dual  cS/sJrucSlre)'"*  “f  ““  stronotl,  doM,  to  a 
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So  far,  only  one  side  of  the  honeycomb  has  been  considered,  llie  next 
step  is  to  determine  vibrational  resonance  properties  of  a  true  lioneycomb 
structure  with  facing  sheets  connected  to  both  sides  of  a  rigid  core. 

Finally,  consideration  must  be  given  to  the  fact  that  these  walls  are  not 
rigid,  and  that  there  is  interaction  between  tlie  structure  vibrations  and 
the  vibrations  of  the  air  contained  in  each  cell.  In  fact,  essentially 
each  cell  can  be  compared  to  a  drum.  The  various  stages  of  this  theoretical 
approach  are  shown  in  figure  12.  llie  modulus  li*  for  the  bond  denotes  a 
complex  visco-elastic  modulus. 

A  suitable  transducer  to  excite  panel  vibrations  and  measure  the  vi¬ 
bration  amplitude  of  the  response  must  be  capable  of  ranging  over  a  wide 
frequency  band,  should  minimize  noise  and  coupling  problems,  and  be  suit¬ 
able  for  field  inspection  applications.  Two  systems  appeared  to  be  the  most 
promising:  the  first  is  a  driver  displacement  oriented  system  (hereafter 
referred  to  as  the  DOT  transducer  system)  where  an  electromagnetic  driver 
is  combined  with  a  displacement  measurement  unit  in  a  single  system.  An 
alternate  system  makes  direct  use  of  the  damping  mechanism  and  includes  an 
oscillating  system  at  approximately  30  KHz  wherein  the  adliesive  bond  damp¬ 
ing  becomes  part  of  the  oscillator  circuit  Q. 

A  series  of  Saturn  4- 3/4- inch  thick  honeycomb  composites  with  various 
degraded  adliesive  bond  strengths  were  tested  with  the  DOT  system.  Corre¬ 
lation  of  the  measured  responses  and  corresponding  flatwise  tensile  test 
data  is  given  in  figure  12  for  specimens  with  0.040-inch  thick  facing  sliects. 

A  significant  difference  is  noted  in  the  responses  witli  qualitative  agreement 
witli  tlie  expected  behavior,  i.e.,  the  lower  strength  bond  gives  a  greater 
response,  llie  repeatability  shown  in  figure  11  is  better  than  the  differences 
between  destructive  test  data  from  specimens  taken  from  honeycomb  composites. 

experimental  data  obtained  so  far  have  shown  a  semiquantitative  agree¬ 
ment  of  test  data  and  predicted  response.  There  are  a  number  of  observations 
which  cannot  be  completely  explained.  Two  points  in  particular  require  eluci¬ 
dation.  Tlie  flatwise  tensile  test  used  to  determine  bond  strength  covers 
about  20  cells.  It  has  been  assumed  that  the  bond  strength  for  each  cell 
is  the  same.  However,  the  tensile  test  can  report  only  an  average  strength 
for  all  the  cells  in  the  sample.  Likewise,  a  probe  measures  the  total  response 
from  the  number  of  cells  it  covers.  No  information  is  available  on  the  rela¬ 
tive  variations  of  bond  strength  from  cell  to  cell,  which  might  affect  the 
average  tensile  test  or  probe  results  differently.  Another  point  noted 
was  tlie  apparent  lack  of  frequency  shift  with  bond  strength.  'Hiis  may  be 
associated  with  the  restraint  conditions  imposed  on  the  honeycomb  sheet  by 
the  DOT  transducer  during  preliminary  tests. 
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LIST  OF  SYMBOLS  USED 


a  dimension 

b  dimeiision 

D  specific  damping  energy,  i.e.,  area  within  stress/strain  hysterisis 

loop,  in  Ib/cu.in. 

E  Young ' s  Modulus 

£  volume  fraction 

g  acceleration  due  to  gravity 

G  shear  modulus 

h  tliickness 

1  constant,  length 

L  constant 

m  exponential,  liarmonic  number 

M  Modulus 

n  exponential,  harmonic  modulus 

t  time ,  thickness 

T  constant,  tension 

w  mass/unit  length,  deflection 

total  danping  energy  expended  by  system/ cycle 
total  strain  energy  in  system  damping 
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a  dairying  energy  integral 

3  stress  distribution  integral 

Y  strain  distribution  integral 

e  strain 

n  loss  factor  (for  small  phase  angles  cj)  =  tan  6J 

V  Poisson  ratio 

p  density 

a  stress 

T  relaxation  time 

u)  aJigular  frequency 
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Fipure  1.  Load-Deformation  I'iac;ran  of  a 
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Figure  6.  Directional  Hlastic  Properties  of  Boron-Epoxy  Filamentar/  Conposite 
(Reference  SUTSAI,  "Mechanics  of  Composite  Materials",  AFMI.-TR-66- 149 
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I-]Surc  7.  ’llicroetically  and  Exfierimentally  Determined  Acoustic  Velocity 

of  Filamentary  Composites 
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A  GILMAN,  STAINLESS  STEEL 

-  ZIRC  ALLOY.  BOND 

O  TSANG,  TITANIUM  8-1-1 

-  TITANIUM  8-1-1  BOND 
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ULTIMATE  TENSILE  STRENGTH  RATIO  OF  BOND 
AS  %  PARENT  MATERIAL  STRENGTH 

Figure  8.  Relative  Bond  Strength  and  Width  of  Diffusion  Affected  Zone 
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LOSS  COEFFICIENT 


Figure  10.  Relationship  Between  Adliesive  Bond  Shear  Strength 
and  tlie  Loss  Coefficient 


32 


iT. 


Q) 


U 


C 


c 

o 


ox 


c./. 


322 


SECOND 
HARMONIC 
RESPONSE  - 
MILLIVOLTS 


•igure  13.  Wibration  AC  Response  of  4-3/4  Inch  lO.lMu  Inch  Face  SheeLj  iloncycoinb 


LOW  VOLTAGE  AND  NEUTRON  RADIOGRAPHY 
TECHNIQUES  FOR  EVALUATING  BORON 
FILAMENT  METAL  MATRIX  COMPOSITES 

J.  A.  Holloway  and  W.  F.  Stuhrke 
U.  S.  Air  Force  Materials  Laboratory 
Wright-Patterson  Air  Force  Base,  Ohio 

and 

H.  Berger 

Argonne  National  Laboratory 
Chicago,  Illinois 


XlStroduction 

Glass  filament-polymeric  matrix  composites  have  become  familiar 
materials  in  recent  years  for  lightweight  structural  applications.  The  recent 
development  of  a  variety  of  new  filaments  has  stimulated  considerable  interest 
and  activity  in  the  development  of  metal  matrix  composites.  Metal  matrices 
offer  excellent  potential  for  extending  the  capabilities  of  this  class  of  materials 
beyond  those  available.  Possible  advantages  to  be  gained  are  resistance  to 
severe  environmental  conditions  such  as  elevated  temperatures,  chenaical 
attack,  or  erosion.  Further  advantages  may  be  derived  by  utilizing  the  greater 
strengths  of  metal  matrices  to  enhance  transverse  properties  or  to 
resistance  to  shear  loading  conditions  and  stress  concentrations.  Should  this 
development  be  realized,  these  materials  will  be  used  in  very  high,  critical  loa 
bearing  structures  and  components  in  future  Air  Force  systems. 

From  the  research  and  development  programs  being  conducted  in  this 
area  certain  detrimental  conditions  occurring  within  the  filament  and  matrix 
materials  have  been  realized  which  affect  mechanical  properties.  One  of  these 
detrimental  conditions  is  the  interaction  between  the  filament  and  matrix 
material  which  may  take  place  during  fabrication  or  under  adverse  temperature 
conditions.  The  subject  investigation  is  directed  toward  establishing  the 
feasibility  of  low  voltage  and  neutron  radiography  for  detecting  the  interaction. 
A  simple  specimen  configuration  was  employed  consisting  of  single  layer  boron 
filaments  embedded  in  an  electrodeposited  nickel  matrix. 

METAL  klATRIX  COMPOSITES  -  THE  NICKEL  BORON  SYSTEM 


Background 

The  primary  mechanism  for  attaining  strength  in  these  materials  is 
the  transfer  of  load  from  the  matrix  to  the  filament;  thus  the  filaments  should 
have  a  high  tensile  strength.  For  effective  load  transfer  the  filaments  shou 
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al-io  have  a  high  elastic  modulus  relative  to  that  of  the  matrix.  Table  I  coniai;v: 
a  list  of  filamentary  materials  together  with  their  associated  properties.  As 
presently  fabricated,  boron  filament  has  a  tensile  strength  of  5.  5  x  10  psi,  and 
an  elastic  modulus  of  5.5  x  lO"^  psi.  It  can  be  seen  that  other  reinforcement 
materials  are  available  which  have  tensile  strengths  ^  10  psi.  In  addition  all 
of  these  materials  have  a  density  below  0.2  Ib/in^. 

The  filaments  and  matrix  should  be  effectively  coupled  or  bonded  to 
one  another  if  efficient  load  transfer  is  to  be  realized.  There  are  a  number  o;' 
techniques  for  incorporating  the  filaments  into  the  metal  matrix,  all  of  which 
involve  some  degree  of  thermal  environment.  These  techniques  include 
(1)  liquid  metal  infiltration  (casting),  (2)  powder  metallurgy,  (3)  electro-  or 
vapor  deposition,  (4)  diffusion  bonding  (solid-state  welding),  and  (5)  directional 
solidification  of  eutectic  structures.  The  technique  of  diffusion  bonding  has 
received  the  widest  application.  This  involves  bringing  a  sandwich  of  foils  and 
filaments  to  a  relatively  high  temperature  and  subsequently  pressing  for  a  period 
of  time.  For  the  aluminum -boron  system,  this  is  representatively  490°  to  510''^C 
at  2000  to  10,000  psi  for  one  to  two  hours.  Under  these  conditions  there  is 
potential  for  interaction  between  the  filament  and  matrix.  It  is  this  interaction 
which  degrades  the  mechanical  properties  of  the  composite. 

In  order  to  establish  the  feasibility  of  the  low  voltage  and  neutron 
radiographic  techniques  for  detecting  the  degree  of  filament/matrix  interactioi, , 
boron  reinforced  nickel  was  chosen  as  the  composite  system  to  be  used  during 
the  investigation.  This  choice  was  dictated  by  the  available  information  on  the 
system.  A  well-documented  interaction  occurs  with  time  at  temperature,  and 
a  fabrication  technique,  electroforming,  is  available  which  produces  a  specimcT, 
with  no  interaction  since  the  fabrication  is  accomplished  at  room  temperature. 

Filament  Fabrication 

Increased  interest  in  metal  matrix  composites  is  primarily  due  to  the 
development  of  boron  filament.  This  filamentary  material  is  manufactured  by 
vapor  deposition  of  boron  onto  a  resitively  heated  substrate.  The  substrate 
usually  employed  is  tungsten  wire  with  a  diameter  of  about  1. 2  x  10“^  cm;  the 
average  boron  filament  diameter  is  about  1x10^  cm.  As  shown  in  Table  I, 
the  filament  has  a  modulus  of  5.  5  x  lo"^  psi  and  a  strength  range  from  4.  0  to 
5.0  X  10^  psi.  It  has  an  "amorphous  crystalline"  structure  which,  because  of 
its  highly  strained  condition,  contributes  to  the  strength. 

Composite  Fabrication  and  Mechanical  Properties 

The  specimens  employed  for  this  investigation  were  prepared  by  the 
General  Technologies  Corporation  (Contract  No.  AF  33 (6  15 ) -3  155 )  from  1  x  10“^ 
cm  diameter  boron  filaments  and  electrodeposited  nickel.  The  nickel  was 
deposited  on  a  stainless  steel  mandrel  and  the  boron  wound  onto  the  nickel 
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surface  during  the  deposition.  The  nickel  was  further  deposited  until  the 
boron  filaments  were  completely  encapsulated.  The  fabrication  method 
(R  eference  1)  produces  boron/nickel  specimens  with  no  interaction  between  the 
filament  and  the  matrix  as  shown  in  Figure  1.  The  photomicrograph  of  a 
section  of  the  specimen  shows  the  tungsten  core  in  the  center  of  the  boron  fila¬ 
ments  which  are  embedded  in  the  surrounding  nickel  matrix.  The  flat  surface 
is  a  result  of  the  deposition  of  the  nickel  on  the  surface  of  the  stainless  steel 
mandrel.  Further  nickel  deposition  produces  the  hills  and  valleys  on  the  other 
surface  of  the  specimen.  The  composite  thickness  varies  from  approximately 
0.028  cm  directly  over  the  single  layer  filaments  to  approximately  0.  023  cm 
in  the  area  between  adja^nt  filaments.  The  growth  of  the  nickel  during  the 
electroplating  process  introduces  a  number  of  internal  interfaces  where  the 
growth  fronts  merge.  This  can  be  seen  in  the  Figure.  These  occur  away  from 
the  filament  and  should  have  no  effect  on  the  reaction  kinetics,  at  least  not  in 
the  early  stages  of  heat  treatment.  The  interface  between  the  boron  and  the 
nickel,  however,  is  mechanical  in  nature.  The  boron  surface  is  replicated  in 
the  nickel,  but  there  is  no  bonding.  This  results  in  the  need  for  some  outside 
force  to  cause  the  intimate  contact  necessary  for  interaction  to  occur.  This  is 
provided  under  stress  by  the  difference  in  Poisson's  ratio  of  the  two  materials. 

In  other  cases  the  release  of  residual  stresses  in  the  as -deposited  matrix 
provides  the  necessary  force.  This  unfortunately  often  leads  to  unbalanced 
interactions.  This  is  illustrated  later  by  the  photomicrographs  of  the  samples 
heat-treated  at  various  temperatures. 

The  single  layer  boron  filament/nickel  matrix  sample  was  cut  into 
five  sections,  one  of  which  is  shown  in  Figure  2.  One  of  the  five  sections  was 
reserved  as  a  standard.  The  remaining  sections  were  heat-treated  in  an  argon 
atmosphere  for  one  hour  at  600°,  700°,  800°,  and  900°C.  The  interdiffusion 
of  the  boron  and  nickel  with  the  subsequent  formation  of  an  intermetallic  boride 
which  grows  in  annular  rings  outward  from  the  filament  as  the  temperature 
increases  can  be  seen  from  Figures  3  through  6.  The  boron  is  progressively 
depleted  and  fairly  rapidly  saturated  with  nickel.  As  previously  discussed,  the 
release  of  residual  stresses  during  heat  treatment  often  leads  to  uneven  inter¬ 
actions.  A  further  complicating  factor  is  the  difference  in  thermal  expansion 
between  the  boron  and  the  nickel.  This  leads  to  a  greater  expansion  of  the 
nickel  with  temperature  relative  to  the  boron,  further  reducing  the  possible 
area  of  intimate  contact  and  interaction  between  the  boron  and  nickel.  The 
uneven  reaction  growing  as  a  result  of  the  heat  treatment  can  be  seen  in  the 
figures.  Many  filaments  have  reaction  zones  which  only  extend  around  portions 
of  the  filament  circumference,  even  in  the  sample  heat-treated  at  900°C  as 
shown  in  Figure  6.  A  number  of  investigations  (References  1  and  2)  have 
considered  the  interactions  occurring  in  boron  filament/nickel  matrix  composites. 
This  interaction  has  been  observed  metallographically  after  a  heat  treatment  as 
low  as  500°C  for  one  hour.  At  the  higher  temperatures  as  many  as  five  borides 
have  been  distinguished. 
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Stuhrke  and  Alexander  (Reference  3)  recently  discussed  in  detail  the 
influence  of  boron/ nickel  interactions  on  composite  mechanical  properties. 

Table  II  taken  from  this  paper  presents  data  showing  the  effect  of  time- 
temperature  exposure  on  mechanical  properties.  An  increase  in  strength  and 
more  significantly  composite  performance  at  300°C  after  a  one  hour  heat 
treatment  has  been  observed  but  not  satisfactorily  explained.  This  may  be  due 
to  the  development  of  a  slight  surface  interaction  which  accomplishes  more 
effective  bonding  and  load  transfer.  It  may  also  be  due  to  the  reduction  of 
residual  stress,  which  permits  more  efficient  accommodation  of  the  matrix 
stresses.  A  very  significant  decrease  in  strength  occurs  as  the  time  at  tem¬ 
perature  increases. 

A  fracture  surface  of  one  of  the  tensile  test  samples  is  shown  in 
Figure  7.  The  degree  of  filament  pullout  at  the  fracture  surface  indicates  that 
the  as-deposited  boron/nickel  interface  is  very  weak  in  shear.  In  those  areas 
where  the  filaments  are  evenly  spaced,  little  pullout  occurred.  In  those  places 
where  the  filaments  were  very  close  together,  large  "pipe  organ"  pullout  was 
observed.  This  most  likely  is  due  to  the  presence  of  voids  in  the  matrix  caused 
by  insufficient  flow  of  the  nickel  plating  solution  into  these  areas.  In  addition, 
the  points  at  which  filaments  touch  become  points  of  weakness  leading  to  pre¬ 
mature  failure  by  brittle  fracture  of  the  fibers.  Consequently,  the  sensitivity 
of  the  low  voltage  and  neutron  radiographic  techniques  for  measuring  filament 
spacing  is  also  discussed. 

NONDESTRUCTIVE  TESTING  TECHNIQUE  DEVELOPMENT 
General  Discussion 

It  can  be  seen  that  composite  strength  is  seriously  degraded  by  the 
interaction  occurring  in  the  nickel/boron  system  during  exposure  to  high 
temperatures.  This  indicates  the  need  for  nondestructive  testing  techniques 
which  can  be  used  to  detect  this  condition,  not  only  during  the  developmental 
stages  but  also  during  structural  fabrication  and  throughout  the  service  life  of 
the  material. 

Other  property  variables  and  discontinuities  may  affect  composite 
strength  as  significantly  as  the  interaction  between  the  filament  and  the  matrix. 
These  include  cracks  in  the  asprocessed  filament;  residual  stresses  in  both  the 
filament  and  matrix  materials;  lack  of  filament/matrix  bond;  lack  of  matrix/ 
matrix  bond;  broken,  misaligned,  or  unevenly  spaced  filaments,  matrix  porosity 
and  inclusions.  North  American  Aviation/ LAD  is  presently  evaluating  non¬ 
destructive  testing  techniques  for  detecting  these  discontinuities  (Reference  4). 
Broken  and  misaligned  filaments  in  multilayer  boron/titanium  composites  are 
reported  to  be  detectable  with  radiography.  Filament  to  matrix  volume  ratios 
varied  from  8  to  21%,  In  addition,  areas  of  lack  of  matrix/matrix  bond  as 
small  as  1.6  cm*^  have  been  detected  with  pulse  echo  ultrasonics.  As  previously 
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stated,  this  investigation  is  primarily  concerned  with  establishing  the  feasibility 
of  low  voltage  and  neutron  radiography  for  detecting  the  boron/nickel  interaction. 
The  detection  of  broken  and  misaligned  filaments  is  possible  with  both  techniques. 

Selection  of  low  voltage  radiography  as  one  of  the  techniques  to  be 
evaluated  during  the  investigation  was  made  after  a  consideration  of  the  basic 
X-ray  absorption  process.  The  X-ray  attenuation  of  low  atomic  numbered 
materials  is  small.  However,  changes  in  the  density  of  the  nickel  matrix 
associated  with  the  formation  of  the  boride  inte rmetallic  during  heat  treatment 
should  be  detectable.  Sample  thickness  of  only  0.025  cm  dictates  the  use  of 
relatively  low  energy  radiation.  Neutron  radiography  was  considered  applicable 
because  of  the  high  attenuation  cross  section  of  boron  for  thermal  neutrons. 

Low  Voltage  Radiography 

The  X-ray  equipment  used  to  radiograph  the  boron/nickel  samples  is 
shown  in  Figure  8,  It  is  assembled  in  a  manner  similar  to  that  reported  by 
McClung  (Reference  5).  The  X-ray  tube  is  rated  at  50  KVCP  and  10  ma,  and 
has  an  effective  focal  spot  of  0.5  mm.  The  absorption  of  the  X-ray  tube  window 
is  equivalent  to  0.  5  mm  beryllium.  The  tube  is  located  on  top  of  a  chamber 
which  is  constructed  so  that  a  film  cassette  containing  the  sample  can  be  inserted 
into  the  chamber  36  inches  from  the  focal  spot  of  the  tube,  and  the  cassette  top 
removed  without  exposing  the  film  to  light.  With  all  openings  closed  the  chamber 
can  also  be  evacuated.  The  X-ray  absorption  by  the  cassette  top  and  the  air 
between  the  source  and  the  specimen  is  eliminated  in  this  manner,  decreasing 
exposure  time  and  improving  image  contrast. 

In  order  to  evaluate  technique  sensitivity  to  changes  in  nickel  thickness, 
a  nickel  step  wedge  was  constructed  with  the  steps  ranging  in  thickness  from 
5  X  10“^  cm  to  7  X  10“^  cm.  A  single  boron  filament  was  placed  on  each  step 
of  the  wedge.  All  of  the  nickel/boron  samples  including  the  nickel  step  wedge 
were  radiographed  at  35  KVCP  and  10  ma.  Using  Kodak  fine  grain  positive  film, 
the  exposure  time  was  20  minutes.  The  samples  were  placed  on  top  of  the  film 
within  the  cassette  and  the  cassette  top  removed  during  the  exposure.  The 
resulting  radiograph  is  reproduced  in  Figure  9.  Only  five  of  the  eight  steps  of 
the  nickel  wedge  are  detectable  radiographically.  The  image  of  the  tungsten 
core  within  the  filament  appears  on  several  steps  of  the  wedge. 

Neutron  Radiography 

Radiographic  examination  of  composite  materials  containing  boron  or 
other  low  atomic  number  materials  presents  problems  because  of  the  low  X-ray 
attenuation  of  such  materials.  Fortunately,  in  the  case  of  boron  filament 
composite  materials,  the  boron  can  be  imaged  with  neutron  radiographic  tech¬ 
niques  (Reference  6).  In  this  case,  the  high  thermal  neutron  attenuation  of 
boron  can  provide  an  excellent  radiographic  image  of  this  material,  even  when 
it  is  contained  in  a  matrix. 
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Examples  of  neutron  radiographs  of  boron  filaments  in  titanium  and 
aluminum  matrices  are  shown  in  Figures  10  and  11,  The  excellent  contrast 
of  the  boron  in  the  relatively  neutron  transparent  matrix  allows  one  to  easily 
observe  radiographically  such  anamolies  as  filament  breaks,  uneven  spacing, 
and  nonuniform  distribution.  Such  discrepancies  can  also  be  observed  in  multi¬ 
layers  of  the  composite,  although  it  becomes  difficult  to  obtain  very  reliable 
radiographic  inspection  of  samples  containing  more  than  four  layers.  This 
of  course  depends  upon  the  fiber -to -matrix  volume  ratio.  In  Figure  11  the 
confusing  images  caused  by  the  overlapping  layers  make  interpretation  difficult. 

The  radiographs  shown  in  Figure  10  and  11  were  obtained  with  the 
Juggernaut  reactor  at  Argonne  National  Laboratory,  a  facility  which  has  been 
described  (Reference  7)  from  a  neutron  radiographic  point  of  view.  The  detection 
method  for  these  radiographs  and  the  one  employed  to  radiograph  the  nickel/ 
boron  samples  (and  nickel  step  wedge)  was  the  high  resolution  technique  employ¬ 
ing  a  1.2  X  10“^  cm  thick  gadolinium  back  screen  and  single  emulsion  Kodak 
Type  R  X-ray  film.  The  gadolinium  screen  technique  has  previously  been  shown 
to  be  a  method  capable  of  a  high  contrast  resolution  of  10  microns  or  better 
(Reference  8).  With  the  particular  film  mentioned  above,  total  exposures 
required  for  good  radiographic  film  density  were  in  the  order  of  5  x  109  thermal 
neutrons/cm2.  The  neutron  radiograph  of  the  nickel/boron  samples  and  the  nickel 
step  wedge  are  shown  in  Figure  12. 

MICRODENSITOMETRIC  ANALYSIS 
General  Description 

The  low  voltage  and  neutron  radiographs  were  scanned  using  the  micro¬ 
densitometer  shown  in  Figure  13.  Basically  microdensitometry  is  a  method 
for  obtaining  and  recording  very  fine  photographic  detail  by  comparing  the 
density  on  the  film  with  some  secondary  standard.  Some  instruments  used  for 
this  purpose  employ  two  light  sources.  The  Joyce  Loebl  instrument  uses  a 
double  light  beam  from  a  single  light  source.  This  improves  trace  reproduci¬ 
bility  by  eliminating  changes  in  light  intensity  caused  by  line  voltage  variations 
and  lamp  aging.  One  light  beam  passes  through  the  film  to  be  traced;  the  film 
image  is  magnified  by  an  objective  lens  (up  to  90X),  collimated  by  an  adjustable 
aperture,  and  focused  on  the  photomultiplier  tube  after  passing  through  a  chopper. 
The  aperture  width  may  be  adjusted  so  that  the  effective  width  of  the  light  beam 
at  the  plane  of  the  film  is  as  small  as  two  microns.  The  height  of  the  aperture 
can  also  be  adjusted  up  to  24  mm  providing  integration  of  the  film  grain,  which 
improves  the  signal-to-noise  ratio.  The  other  beam  passes  through  a  variable 
density  wedge,  through  the  chopper,  to  the  photomultiplier  tube.  The  difference 
in  light  intensities  of  the  two  beams  produces  a  voltage  which  is  used  to  drive 
the  recording  pen.  A  combination  of  variable  density  wedges  and  filters  is 
available  for  obtaining  density  profiles  up  to  6.0  density  units.  The  recording 


330 


table  and  the  film  table  are  coupled  mechanically  by  a  lever  or  "ratio  arm.  " 
Various  ratios  are  available  for  expanding  the  recording  with  respect  to  the 
film  image  by  a  factor  of  up  to  1000:1. 

The  most  important  instrument  parameters  which  were  maintained  con¬ 
stant  for  all  traces  are: 

1.  Ratio  arm  .  . .  100.  1 

2.  Variable  density  wedge . . . .  2.0  density  units 

3.  Aperture  width.  ..  . . .  200  microns 

4.  Aperture  height . .  1.  0mm 

Actual  film  density  was  determined  by  scanning  a  variable  density  film  step 
wedge  used  for  calibrating  the  Ansco  densitometer.  A  graph  was  then  constructed 
relating  pen  deflection  to  the  density  on  each  step  of  the  film  wedge. 

Microdensitometry  --  Low  Voltage  Radiographs 

Typical  microdensitometer  traces  of  a  section  of  each  sample  and  the  nickel 
step  wedge  as  imaged  by  low  voltage  radiography  are  shown  in  Figures  14,  15,  and 
16.  Since  a  decrease  in  X-ray  absorption  produces  an  increase  in  film  density 
and  trace  height,  the  relatively  high  film  density  recorded  on  the  far  right  of  the 
traces  corresponds  to  the  thin  nickel  section  adjacent  to  the  composite.  The  in¬ 
crease  in  nickel  thickness  near  the  edge  of  the  composite  produces  a  rapid  de¬ 
crease  in  film  density  until  the  first  boron  filament  is  reached.  Then  a  rapid 
increase  in  film  density  occurs  terminating  in  a  peak  broken  by  a  sharp  dip  in 
density  corresponding  to  the  tungsten  core.  The  large  fluctuations  are  related  to 
the  relatively  low  and  high  X-ray  attenuation  of  the  boron  and  tungsten  core 
respectively.  A  slight  increase  in  film  density  occurs  between  individual  filaments 
which  represents  the  decrease  in  nickel  matrix  thickness  as  a  result  of  the  electro¬ 
deposition  process  previously  discussed. 

The  diffusion  of  boron  into  the  matrix  is  recorded  as  a  change  in  boron 
filament  width  and  height  as  the  temperature  of  the  heat  treatment  increases. 

Since  the  interaction  produces  an  intermetallic  compound  whose  density  Ties  some¬ 
where  between  boron  and  nickel,  less  radiation  is  absorbed  in  those  areas  where 
the  diffusion  zone  is  growing  between  adjacent  filaments.  This  is  reflected  as  an 
increase  in  film  density  corresponding  to  the  actual  thickness  of  the  diffusion  zone 
produced  by  the  heat  treatment.  Diffusion  zone  thickness  is  defined  here  as  the 
amount  of  intermetallic  compound  in  a  plane  parallel  to  the  X-ray  beam.  If  the 
reaction  zone  is  growing  toward  the  top  or  the  bottom  of  the  sample,  more 
radiation  will  be  absorbed  because  the  intermetallic  is  denser  than  the  boron  it 
replaces.  This  produces  a  decrease  in  film  density  immediately  adjacent  to  the 
image  of  the  tungsten  core,  again  proportional  to  the  diffusion  zone  thickness. 

The  uneven  densities  recorded  adjacent  to  the  tungsten  core  and  in  the  areas  be¬ 
tween  adjacent  filaments  are  indicative  of  the  uneven  diffusion  occurring  around 
portions  of  individual  filaments  seen  on  the  photomicrographs. 
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The  low  voltage  technique  used  to  radiograph  these  samples  is  insensitive 
to  boron.  This  can  be  seen  from  the  trace  of  the  nickel  step  wedge  film  image 
containing  individual  boron  filaments  on  each  step  as  shown  in  Figure  16.  Only 
the  image  of  the  tungsten  core  appears  on  the  trace.  The  technique  is  sensitive 
however  to  the  intermetallic  compound  being  formed  and  to  the  changes  in  the 
density  of  the  nickel  caused  by  intermetallic  formation.  An  estimate  of  sensiti¬ 
vity  was  obtained  by  comparing  changes  in  film  density  associated  with  the  fila¬ 
ments  of  the  sample  heat-treated  at  600  C  with  that  of  the  standard  sample. 

Traces  chosen  for  comparison  were  correlated  with  the  reaction  zone  as  it 
appears  on  the  photomicrograph  of  the  600  C  sample.  Filaments  were  selected 
where  the  reaction  zone  had  formed  between  adjacent  filaments.  A  diffusion  zone 
thickness  of  approximately  1  x  10'^  cm  produces  a  change  in  trace  height  of 
1.  0cm.  This  is  equivalent  to  a  change  in  film  density  of  6  x  lO'^units.  Generally 
a  change  in  film  density  of  1  x  10  ^  is  considered  detectable. 


In  addition,  the  microdensitometer  scan  of  the  low  voltage  radiograph  re¬ 
veals  uneven  filament  spacing.  For  example  the  scan  of  the  film  image  of  the 
standard  sample  (Figure  14)  shows  that  the  spacing  between  the  first,  second, 
and  third  filaments  is  about  the  same,  increasing  between  the  third  and  fourth. 

The  distance  between  the  fourth  and  fifth  filament  is  even  greater.  Less  nickel 
is  deposited  in  this  area  during  the  electroplating  process,  and  the  slight  decrease 
in  nickel  thickness  produces  the  increase  in  film  density. 

Comparing  spacing  between  the  first  and  second  filaments  (7.  5  x  10"  cm) 
with  that  between  the  fourth  and  fifth  filaments  (1.  2  x  lO'^cm),  an  increase  in 
filament  spacing  of  3  x  10“^cm  produces  an  increase  in  film  density  of  5  x  10”^ 
units,  corresponding  to  a  decrease  in  nickel  thickness  of  2.  5  x  10"^cm  determined 
from  the  photomicrograph  of  the  standard  sample. 


Microdensitometry  --  Neutron  Radiographs 

Typical  traces  of  a  section  of  the  neutron  radiographic  image  of  each  boron/ 
nickel  sample  are  shown  in  Figures  17  and  18,  including  the  traces  of  filament 
images  on  the  5  x  10"^cm  and  7  x  10"‘^cm  steps  of  the  nickel  wedge.  Like  the 
traces  from  the  low  voltage  radiographs,  the  relatively  high  film  density  on  the 
far  right  corresponds  to  the  thin  nickel  section  adjacent  to  the  composite.  How¬ 
ever  the  "dip”  which  is  recorded  is  not  produced  by  the  increase  in  nickel  thick¬ 
ness  at  the  edge  of  the  composite,  but  by  the  boron  content  of  the  filament.  This 
is  to  be  expected  because  of  the  high  attenuation  cross  section  of  boron  for  thermal 
neutrons  compared  to  nickel. 

The  "peak"  in  film  density  occurs  at  a  point  midway  between  each  filament. 
An  examination  of  the  traces  of  the  standard  sample  indicates  that  an  increase  in 
peak  density  is  associated  with  an  increase  in  filament  spacing.  For  example  the 
increase  in  spacing  between  the  fourth  and  fifth  filaments  previously  noted  pro¬ 
duces  an  increase  in  film  density  of  0.  6  unit  over  that  recorded  between  the 
third  and  fourth  filaments.  In  this  case  however,  the  peak  trace  height  does  not 
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appear  to  be  influenced  by  changes  in  matrix  thickness,  but  is  only  a  function  of 
the  spacing  between  the  boron  filaments.  Using  the  scan  of  the  low  voltage  radio¬ 
graph  of  this  sample,  a  change  in  filament  spacing  of  22%  produces  a  density 
change  of  30%  for  this  particular  radiograph. 

Unexpected  variations  in  the  traces  of  these  samples  occurred.  The 
average  change  in  film  density  associated  with  each  filament  in  the  standard 
sample  is  lower  than  expected  when  compared  to  the  traces  of  the  sample  heat- 
treated  at  600°C.  Results  indicate  that  film  density  changes  from  2.  5  x  10“  to 
8  X  10“^  units  occur  for  a  given  change  in  heat  treatment.  This  variation  in 
density  is  probably  caused  by  uneven  diffusion  as  noted  on  the  low  voltage  radio¬ 
graphs  and  photomicrographs.  Tests  with  other  samples  containing  boron  in¬ 
dicate  that  concentrations  as  low  as  500  ppm  are  detectable  with  the  neutron 
radiographic  technique. 

Figure  18  shows  the  trace  of  the  neutron  image  of  the  sample  heat-treated 
at  900°C  as  well  as  the  trace  of  individual  filaments  imaged  on  two  steps  of  the 
nickel  wedge.  The  relative  insensitivity  of  the  neutron  technique  to  changes  in 
nickel  matrix  thickness  can  be  seen  from  the  figure.  The  nickel  step  wedge 
thickness  varies  from  5  x  10”^  to  7  x  10  cm,  yet  the  associated  change  in  film 
density  over  this  thickness  range  is  only  0.  2  unit.  The  tungsten  core  does  not 
appear  on  any  of  the  traces.  In  addition  the  trace  of  the  individual  filaments  is 
almost  twice  the  actual  filament  diameter.  The  diameter,  as  imaged,  remains 
relatively  the  same  even  though  the  boron  filament  located  on  the  step  wedge  is 
displaced  by  a  factor  of  15:1  from  the  film.  If  this  effect  is  caused  by  geometry 
it  is  not  noticeable  over  these  distances.  The  possible  effect  of  the  screen-film 
combination  has  not  been  determined  at  this  time.  One  possible  explanation  is 
that  the  boron  filament  acts  as  a  heat  sink  to  the  thermal  neutrons  (Reference  9). 
If  this  is  so,  the  image  of  the  filament  should  be  a  function  of  the  neutron  energy. 
This  aspect  is  presently  being  investigated. 

Discussion  of  Results 


The  low  voltage  radiographic  technique  evaluated  during  this  investigation 
is  sensitive  to  changes  in  the  density  of  the  nickel  matrix  caused  by  the  formation 
of  a  boron/nickel  intermetallic  during  heat  treatment.  Using  the  criterion  that 
0.  01  density  unit  is  detectable  radiographically,  a  16  micron  change  in  inter¬ 
metallic  thickness  can  be  recorded  using  microdensitometric  analysis  of  the  film 
image.  Diffusion  of  boron  into  the  nickel  matrix  is  detectable  under  sample  heat- 
treat  conditions  of  600°C  for  one  hour.  Microdensitometric  analysis  of  the  film 
image  also  accurately  records  filament  spacing.  The  effect  of  uneven  filament 
spacing  on  the  amount  of  nickel  deposited  between  the  filaments  during  the  electro¬ 
plating  process  can  be  determined  with  this  technique.  An  increase  in  filament 
spacing  of  0.  003cm  produces  an  increase  in  film  density  of  0.  05  unit,  correspond¬ 
ing  to  a  decrease  in  nickel  thickness  of  0.  002  5cm  as  shown  on  the  photomicrographs 
of  the  standard  sample. 
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Obviously  the  low  voltage  radiographic  and  microdensitometric  techniques 
are  more  applicable  for  characterizing  the  reaction  zone  as  a  function  of  heat 
treatment  in  single  layer  metal  matrix  materials.  With  multilayered  samples, 
visualization  of  the  diffusion  zone  in  a  particular  layer  would  be  much  more 
difficult.  Laminography  (Reference  10)  may  be  useful  for  overcoming  this 
difficiency,  but  this  technique  has  not  been  investigated  for  this  application. 


The  neutron  radiographic  technique  is,  as  expected,  much  more  sensitive 
to  the  boron  filament  material  than  the  matrix  surrounding  the  filaments.  A 
change  in  nickel  matrix  thickness  from  5  x  10"^cm  to  7  x  lO'^cm  only  changes 
the  film  density  by  0.  2  unit.  An  examination  of  the  traces  of  the  film  image  of 
the  sample  which  was  not  heat-treated  indicates  that  the  peak  density  recorded 
between  the  filaments  is  a  function  of  the  filament  spacing.  A  change  in  filament 
spacing  of  22%  was  recorded  as  a  30%  change  in  film  density.  Unexplained 
variations  in  the  average  film  density  of  the  standard  and  the  one  heat-treated  at 
900°C  occurred.  However,  based  upon  an  analysis  of  the  density  profile  of  the 
film  image  of  the  samples  heat-treated  at  600°  and  700°C,  a  change  in  film 
density  of  2.  5  x  10”^  to  8  x  lO"^  should  be  detectable  for  each  change  in  heat 
treatment  employed  during  this  investigation.  Tests  with  other  samples  con¬ 
taining  boron  indicate  that  concentrations  as  low  as  500  ppm  are  detectable  with 
the  neutron  radiographic  technique. 


One  of  the  unexpected  variables  is  the  large  diameter  of  the  boron  filament 
imaged  by  the  neutron  radiographic  technique.  The  diameter  of  the  filament  as 
recorded  by  the  microdensitometer  is  twice  the  actual  diameter  of  the  filament. 
The  spacing  of  the  filament  from  the  film  does  not  influence  image  diameter,  at 
least  over  the  distances  employed  during  this  investigation.  The  effect  of  the 
film-screen  combination  is  being  considered,  as  well  as  the  possibility  that  the 
boron  acts  as  a  heat  sink  for  the  thermal  neutrons. 


Inspection  of  boron  filament  quality  on  a  production-type  operation  could  be 
accomplished  with  much  lower  total  exposures  by  using  faster  film  techniques. 

A  scintillator  method  (Reference  11),  for  example,  requiring  a  total  exposure  of 
only  about  10^  thermal  neutron/cm^,  could  be  used  and  has  been  shown  (Reference 
8)  to  be  capable  of  resolving  at  least  5  x  10”^cm. 

A  suitable  neutron  source  might  present  a  problem  in  a  production  inspection 
operation  since  nuclear  reactor  sources  have  been  most  widely  used  for  neutron 
radiography.  Reactor  sources  are  preferred  because  of  the  high  intensity  neutron 
beams  available  (10^  to  10  neutrons /cm^ -sec).  Reasonably  inexpensive,  com¬ 
mercially  available  reactors  can  be  considered  for  such  work.  However,  radio¬ 
active  (R  eference  12)  and  small  accelerator  sources  (Reference  6  and  13)  are  also 
feasible  and  recent  work  in  this  area  looks  promising.  Such  sources  seem  cap¬ 
able  of  supplying  thermal  neutron  beam  intensities  in  the  10"^  to  10^  neutron/cm^ -sec 
range. 
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Conclusions 


The  feasibility  of  low  voltage  radiography  and  neutron  radiography  coupled 
with  microdensitometry  has  been  established  for  detecting  the  interaction  of 
boron  and  nickel  nondestructively  under  conditions  of  heat  treatment  as  low  as 
600°C  for  one  hour. 

The  low  voltage  radiographic  technique  has  been  shown  to  be  very  sensitive 
to  the  change  in  the  density  of  the  nickel  matrix  caused  by  the  formation  of  the 
boride  intermetallic.  Because  of  the  large  thermal  neutron  absorption  cross 
section  of  boron,  the  neutron  radiographic  technique  is  much  more  sensitive  to 
the  boron  concentration  in  the  intermetallic  compound  than  to  changes  in  density 
or  thickness  of  the  nickel  matrix  or  tungsten  core. 

Both  techniques  should  be  applicable  for  inspecting  boron  and  boron  com¬ 
pound  filaments  embedded  in  other  matrix  materials.  The  low  voltage  radio- 
graphic  technique  should  be  sensitive  to  matrix  density  changes  caused  by  the 
interaction  of  other  filament  materials.  It  is  hoped  that  the  data  presented  will 
be  useful  together  with  other  NDT  techniques  for  completely  characterizing 
filament  reinforced  metal  matrix  composites,  and  that  with  further  technique 
development  will  contribute  to  the  evaluation  of  these  materials  in  multilayer 
configurations. 
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Figure  1.  Section  of  the  Boron/Nickel  Composite  Prior  to  Heat  Treatment  (lOOX) 
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Figure  2.  Section  of  the  Boron/Nickel  Composite  (10 OX) 


339 


Figure  3.  Section  of  the  Boron/Nickel  Sample  Heat-Treated  at  600°C  (lOOX) 
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Figure  5.  Section  of  the  Boron/Nickel  Sample  Heat-Treated  at  800°C 


Figure  6.  Section  of  the  Boron/Nickel  Sample  Heat-Treated  at  900°C  (lOOX) 


Figure  8.  Low  Voltage  X-Ray  Equipment 
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Figure  11. 


Neutron  Radiograph  of  Boron/ Aluminum  Composite  (lOOX) 
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Figure  12.  Neutron  Radiograph  of  the  Boron/Nickel  Samples  and  the 
Nickle  Step  Wedge  (lOOX) 
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Figure  13.  Joyce  Loebl  Microdensitometer 
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Figure  16.  Traces  of  the  Low  Voltage  Radiographic  Image  of  the  900“C 
Heat-Treat  Sample  and  Nickel  Step  Wedge 
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Neutron  Radiographic  Image  of  the  Standard  Sample 
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DESIGNING  NONDESTRUCTIVE  TESTS  TO  DEFINE  MATERIAL  CHARACTERISTICS 


R.  S,  Sharpe 

Nondestructive  Testing  Centre,  A.  E.  R.  E. ,  Harwell,  U.  K. 


Any  attempt  to  correlate  materials  characteristics  with  systems  performance 
presupposes  that  adequate  and  appropriate  data  about  the  magnitude  and  variability 
of  the  characteristics  are  available;  in  a  form  and  with  a  mode  of  presentation 
that  will  allow  a  quantitative  form  of  correlation  to  be  made.  It  is  generally 
misleading  to  try  to  correlate  material  characteristics  with  performance  after 
service  or  after  failure.  This  is  because  structural  degradation  during  service, 
at  failure,  or  during  the  prelude  to  failure  may  well  modify  the  defects  which 
were  initially  present  in  the  material. 

Most  of  the  available  N.D.T.  techniques  have  limitations  when  it  comes  to 
accurately  sizing  or  identifying  a  defect,  particularly  in  the  case  of  internal 
defects  where  any  form  of  direct  visual  observation  cannot  be  used.  Thus,  before 
a  satisfactory  programme  of  correlation  can  be  mounted,  considerable  attention 
must  be  paid  to  the  design  of  the  pre-3ex*vice  testing. 

Much  effort  over  the  years  has  gone  into  improving  the  sensitivity  of  non¬ 
destructive  tests  (Fig.l).  In  fact  it  is  partly  because  cf  the  extreme  sensitivity 
now  available  that  the  need  to  provide  correlations  with  systems  performances  arises. 
Only  in  this  way  can  realistic  standards  of  acceptance  now  be  set.  As  a  point  of 
distinction  we  can  define  any  variation  from  perfection  as  a  'defect',  A  'defect' 
becomes  a  'flaw'  at  the  point  where  its  size  or  variability  has  an  effect  on 
systems  performance  (Fig, 2). 

/•hat  is  now  urgently  required  is  more  attention  paid  to  designing  tests  to 
provide  the  maximum  possible  data  on  the  variability  of  materials  characteristics 
of  which  the  classical  'defect'  of  the  nondestructive  tester  (the  crack  or  similar 
material  discontinuity)  is  only  one  in  a  wide  range  of  significant  characteristics 
(Fig.3). 

In  reactor  technology,  where  it  is  particularly  difficult  to  simulate  the 
service  environment  artificially,  it  is  a  common,  and  natural,  philosophy  to 
over- inspect  until  the  experience  of  systems  performance  can  be  used  to  set 
realistic  'flaw'  levels.  This  is,  in  fact,  an  area  where  it  is  very  appropriate 
that  emphasis  should  be  put  on  the  characterisation  and  recording  of  defects  when 
designing  pre-service  tests.  Only  by  doing  so  is  the  rig^it  kind  of  data  made 
available  for  detecting  correlations  when  the  trends  of  reactor  performance  are 
analysed. 

A  considerable  amount  of  effort  has  been  put  into  this  aspect  of  testing 
in  the  Nondestructive  Testing  Centre  at  Harwell.  Although  the  applications  have 
been  specifically  related  to  nuclear  components  the  ideas  and  techniques  are  of 
much  wider  interest  and  very  relevant  to  the  context  of  this  conference. 

The  programme  of  work  has  been  particularly  associated  with  the  stainless 
steel  cans  used  to  contain  the  ceramic  fuel  in  the  latest  design  of  British 
air-cooled  nuclear  power  reactors.  The  materials  characteristics  of  the  cladding 
that  may  vary  -  and  hence  may  influence  systems  performance  and  fuel  element 
endurance  -  are  dimensions,  stirface  profile  and  grain  size,  in  addition  to  the 
more  generally  recognised  type  of  flaw  introduced  during  fabrication  (Pig.4). 
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Considering  flaws  first,  these  can  be  sensitively  detected  by  ultrasonic 
techniques.  However,  whilst  ultrasonic  techniques  can  accurately  locate  a 
suitably  orientated  defect,  information  about  the  true  size  and  nature  of  the 
defect  is  less  readily  inferred  from  the  usual  form  of  test  display.  Facsimile 
recording  largely  overcomes  this  limitation  and  provides  a  considerable  amount 
of  additional  information  from  which  the  characteristics  of  the  defect  can  be 

(1 ) 

more  precisely  deduced'  This  form  of  recording  inevitably  sets  a  limitation 
to  the  speed  of  inspection  but  when  the  tests  are  being  specifically  designed 
for  correlating  with  systems  performance,  inspection  speed  is  of  secondary 
iraport^ce.  By  making  use  of  this  technique  to  characterise  defects,  Cobb  and 
Brown'  '  have  been  able  to  study  their  significance  under  conditions  of  hydro¬ 
static  loading,  in  tests  specifically  designed  to  predict  the  influence  of 
defects  of  a  particular  type  on  systems  performance.  Their  work  has  shown  that 
photoelastic  coatings  can  be  used  very  effectively  to  observe  the  redistribution 
of  surface  stresses  around  surface  cracks,  although  the  coatings  can  only  be 
used  at  room  temperature  and  only  applied  to  out-of-pile  tests.  While  tests  of 
this  type  obviously  lead  to  a  clearer  overall  appreciation  of  defect  behaviour, 
any  form  of  extrapolation  to  a  different  environment,  a  different  temperature 
or  a  different  deformation  mechanism  immediately  introduces  difficulty  and 
uncertainty. 

The  advantages  of  facsimile  recording  for  pre-sei^ice  tests  have  been  very 
considerably  extended  by  incorporating  contoured  plotting  of  test  data.  Hodgkin- 
son(3)  has  developed  a  signal  processing  unit  compatible  with  a  modularised 
system  of  N.D.T.  circuitry  currently  being  designed  at  Harwell.  This  accepts 
an  euialogue  signal  and  provides  a  variably  stepped  output  which  can  be  fed  to 
a.  facsimile  recorder,  where  it  manifests  itself  as  six  distinct  and  predetermined 
shades  (Fig.5)«  Wells  and  Davey(^)  have  developed  a  complementary  circuit  which 
provides  a  discretely  contoured,  although  somewhat  less  flexible,  form  of  display 
from  a  digitised  signal,  such  as  is  available  from  a  scaler  output  (Fig. 6). 

Both  systems  have  considerable  potential  in  nondestructive  testing  and 
there  is  now  a  considerable  fund  of  experience  building  up  on  the  application 
of  this  type  of  quantitative  recording  to  monitoring  materials  variables  in 
fuel  element  canning. 

As  an  example  we  can  consider  monitoring  the  bore  of  the  tubing.  This  can 
now  be  done  with  a  capacitance  gauge  developed  by  Cotterell(5)  which  floats 
axially  in  the  tube  on  an  air-bearing.  This  forms  the  basis  of  a  fast  inspection 
technique  and  produces  a  continuous  output  compatible  with  the  contoured  recording 
system  already  described.  Since  the  air  bearing  accurately  locates  the  gauge 
head  axially,  either  radius  or  diameter  measurements  can  be  monitored  continuoiisly 
(Fig. 7).  Since  an  identical  form  of  record  canbe  made  subsequently  on  the  same 
tube,  patterns  of  local  deformation  produced  by  a  controlled  mechanical  test,  or 
developed  during  service,  can  obviously  now  be  studied  in  considerable  detail. 

The  possibility  of  using  this  technique  on  tubing  before  and  after  use  in  a 
corrosive  environment  is  also  currently  being  studied  by  Britton(°).  Again,  the 
philosophy  is  that  if  the  bore  variations  can  be  compared  point-by-point  on 
sequential  records  a  very  detailed  assessment  of  the  progress  of  the  corrosion 
will  become  possible. 
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Another  potential  'defect'  in  the  fuel  can  is  wall  thickness  and  this  again 
lends  itself  to  a  similar  form  of  data  presentation.  A  hi^  speed  ultrasonic 
resonance  technique,  based  on  experimental  work  of  Aveyard\7 )  has  been  developed 
by  Wells  aM  Davey(°)  and  its  principle  of  operation  analysed  in  detail  by 
Aldridge(^,  The  resonant  frequency  is  automatically  followed,  without  the  need 
for  a  wide  frequency  sweep,  as  the  immersed  tube  is  rotated  past  either  a  single 
probe  (pulsed  operation)  or  a  double  probe  (continuous  wave  operation).  The 
resonant  frequency  is  presented  directly  on  a  digital  recorder  or,  again,  fed 
as  a  digitised  input  into  a  contoured  facsimile  recorder  (Fig. 8).  The  direct 
result  of  a  test  of  this  type  is  that  virtually  none  of  the  test  data  is  wasted 
and  the  presentation  allows  the  maximum  use  to  be  made  of  the  data  in  any  analysis 
of  systems  performance  related  to  this  particular  variable.  Davey  has  shown  that 
digitised  data  of  the  type  obtained  from  ultrasonic  micrometry  can  also  be  presented 
in  the  form  of  a  histogram  (Fig.9)«  This  naturally  produces  an  averaging  effect 

althou^  in  some  circumstances,  it  will  adequately  emphasise  significant  features 
in  the  distribution  of  the  data.  A  similar  type  of  presentation  can  be  applied 
to  a  flying  spot  profilometer  developed  by  Wells  and  DaveyC”*®).  This  has  been 
designed  to  convert  the  profile  of  a  fuel  can  into  sm  electrical  signal  by  servo 
locking  the  scanning  light  spot  of  a  cathode  ray  screen  onto  the  surface  of  the 
can.  In  this  way,  any  particular  aspect  of  the  profile  can  then  be  converted 
into  a  digitised  signal  and  fed  to  some  form  of  data  analyser. 

On  the  purely  materials  aspect  of  the  fuel  can,  work  is  currently  in  hand 
to  develop  an  ultrasonic  technique  to  monitor  variations  in  grain  size  distribu¬ 
tion  within  the  wall  of  the  tubing.  Because  of  the  hi^  level  of  elastic  anisotropy 
in  stainless  steel,  ultrasonic  energy  is  subject  to  considerable  scatter  when  the 
dimensions  of  the  grains  are  of  the  same  order  as  the  wavelength  of  the  ultrasound. 
Following  earlier  work  on  uranium' ^ ,  it  has  now  been  shown  that  the  scatter  can 
be  displayed  on  a  facsimile  recorder 
of  amplitude  variation'^ 

A  common  feature  of  all  these  techniques  is  the  emphasis  on  assimilating 
a  considerable  amount  of  detailed  data,  recording  in  a  way  that  lends  itself 
to  easy  interpretation  and  subsequent  analysis  when  the  results  of  systems 
performance  can  be  collated.  Until  this  type  of  test  becomes  more  widely  adopted 
a  lot  of  testing  will  continue  to  be  abortive  and  completely  unsuited  to  any  form 
of  quantitative  correlation  on  which  realistic  specifications  must  be  based. 

The  most  probable  direction  of  further  development  is  to  combine  a  large 
number  of  tests  on  all  possible  variables  using  multiple  test  heads  and  combining 
the  results  with  computerised  storage  of  data.  The  subsequent  performance  results, 
and  where  possible  the  results  of  an  identical  post  service  test,  can  then  sub¬ 
sequently  be  incorporated  into  a  full  programme  of  detailed  data  analysis.  The 
work  on  fuel  element  tubing  is  currently  being  orientated  in  this  direction  at 
Harwell. 

The  whole  question  of  correlating  'defects'  with  systems  performance  is 
one  of  the  aspects  of  materials  testing  that  will  be  receiving  more  attention 
in  Britain  now  that  a  Centre  for  Reseairch  and  Development  in  nondestructive 
testing  has  recently  been  set  up  at  Harwell' Financed  from  government  funds 
the  Centre  will  have  a  continuing  programme  of  research  on  the  fmdamental  and 
underlying  problems  of  this  type.  In  addition  it  will  carry  out  sponsored  work 
for  industry  and  provide  a  detailed  information  and  technical  advisory  service. 


(Fig. 10)  or  statistically  analysed  in  terms 
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Fig.  3  The  Structural  Characteristics  Wliose 
Control  Collectively  Constitutes 
Nondestructive  Testing , 
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Fig.  4  Some  of  the  Characteristics  of  Fuel 
Element  Design  that  Need  to  be 
Controlled  Nondestructively . 
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Fig,  5  Quantised  Form  of  Recording  Eddy  Current  Signals 


Fig,  6  Quantised  Digital  Display  From  Ultra¬ 
sonic  Resonance  Technique. 


Fig.  7 


Quantised  Display  of  Tube  Bore  Measurements  From  a 
Capacitance  Gauge  Head, 


Fig.  8  Quantised  Analogue  Display  of  Tube  Wall  Thickness  From 
Ultrasonic  Resonance  Technique. 


363 


WM 


1 1 1 1 1***  tHl  H» 

l»  jfKA  'f;  p  « < 

tiw  HW  Ml 

t|  I  jj^  itn  m  Mi 

ISi  itti  >fW  Mt  HH 

**"r 


9  Histogram  Presentation  of  Tube  Wall  Thickness 
Variability . 


Facsimile  Record  of  Amplitude  of  Ultra¬ 
sound  Scattered  From  Grain  Structure  of 
Stainless  Steel  Tube, 


DETECTION  OF  CONCEALED  CRACKS  BENEATH 
FASTENERS  BY  ACOUSTIC  MEANS 


R.  M.  Schroeer 

Arvin  Systems,  Inc. 
Dayton,  Ohio 


Crack  detection  requirements  and  crack  detection  techniques  are  probably  the 
most  discussed  topics  in  nondestructive  testing  literature  and  at  nondestructive  testing 
symposia.  The  reason  for  this  fact  is  twofold:  a  general  need  for  a  detection  technique 
exists  and  a  practical  solution  which  provides  a  reliable  technique  to  be  acceptable  by 
production  and  maintenance  personnel  is  still  missing. 

The  wide  variety  of  types  of  cracks,  size,  location,  material,  etc.  has  certainly 
contributed  to  the  many  techniques  which  have  been  proposed,  studies  and  applied  on  a 
laboratory  basis.  It  can  be  expected  that  there  will  not  be  only  one  imiversal  solution. 

Little  attention  has  been  paid  to  the  development  of  easily-read  defect  indicating 
instrumentation.  However,  if  we  do  not  develop  systems  which  eliminate  the  oscillo¬ 
scope  as  test  indicator,  we  will  not  have  a  practical  solution  which  brings  the  quality 
control  to  the  production  line  and  to  the  maintenance  shop. 

The  importance  of  an  early  detection  of  cracks  cannot  be  overemphasized.  They 
influence  significantly  the  mechanical  strength  of  a  body  and  the  performance  of  a  system. 

The  most  widely  used  techniques  for  crack  detection  are:  x-ray,  ultrasonic,  and 
eddy-current.  Their  limitations  are  well  known.  The  continuing  research  efforts  to 
create  better  and  more  reliable  systems  is  the  best  proof  of  these  limitations. 

In  many  cases,  the  detection  of  cracks  in  the  surface  or  very  close  to  the  surface 
of  a  specimen  is  possible.  Ultrasonic,  eddy-current,  and  magnetic  field  methods  can  be 
applied,  but  extreme  care  in  their  application  and  interpretation  of  results  limit  their 
application  to  highly  trained  and  experienced  personnel. 

The  detection  of  cracks  deep  in  the  specimen,  without  reaching  the  surface,  is 
much  more  difficult.  This  type  of  defect  became  very  critical  in  high  performance  air¬ 
planes  where  cracks  are  generated  by  high  frequency  vibrations.  These  cracks  are 
hidden  under  fastener  heads,  they  do  not  extend  to  the  surface,  and  they  are  nearly 
undetectible  with  present  day  methods. 

Figure  1  shows  two  locations  of  cracks  under  a  rivet  fastener.  Cracks  may 
develop  either  at  the  lower  edge  of  the  upper  plate  or  at  the  neck  of  the  rivet  hole . 
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The  only  technique  which  may  be  applied  to  detect  these  cracks  is  the  ultrasonic 
teclmique.  Anyone  who  is  familiar  with  ultrasonic  testing  is  immediately  aware  of  the 
difficulties.  The  ultrasonic  energy  cannot  be  injected  perpendicular  to  the  specimen’s 
surface,  but  under  a  carefully  selected  angle.  Therefore,  the  reflected  energy  must  be 
picked  up  at  a  spot  different  from  the  input.  The  transducer  must  be  carefully  guided 
around  the  fastener  head  because  the  angular  location  of  the  crack  is  unknown.  The 
coupling  layer  must  always  be  preserved  and  the  operator  has  to  understand  and  inter¬ 
pret  the  numerous  traces  and  signals  on  the  oscilloscope  screen.  As  in  many  other 
cases  of  application  of  ultrasonic  testing,  this  method  must  be  called  impractical,  to 
say  the  least. 

The  method  which  will  now  be  discussed  is  based  on  the  application  of  sonic 
energy  in  the  form  of  a  short  pulse  and  the  evaluation  of  the  damping  of  the  vibrations 
generated  by  the  applied  mechanical  (sonic)  pulse  or  pulses.  This  means  that  the  cracks 
themselves  are  not  detected  but  their  influence  on  the  behavior  of  material  in  the  vicinity 
of  the  crack,  in  our  special  case  around  the  fastener,  is  used  as  an  indication  for  the 
presence  of  a  crack. 

The  short  pulse  applied  to  the  fastener  head  can  be  generated  either  as  a  single 
mechanical  shock  or  as  repetitive  shocks,  but  it  is  important  that  the  pulse  excites  a 
large  number  of  frequencies.  The  vibrations  in  response  to  these  shocks  are  detected 
by  an  accelerometer  and  the  signals  are  then  processed  as  explained  later. 

The  theory  of  the  effect  of  a  crack  on  time-to-damp  may  be  summarized  as 

follows; 

1.  A  finite  crack  reduces  markedly  the  radial  stiffness  of  the  hole. 

2.  The  interplate  friction  forces  acting  to  damp  the  normal  modes  of  the 
assembly  are  reduced  according!}'-. 

3.  The  reduced  hole  stiffness  facilitates  the  "worming"  of  the  fastener 
head  deeper  into  the  conical  hole  when  the  assembly  is  subjected  to 
vibrations  at  high  frequencies. 

4.  The  resulting  shortening  of  the  fastener  greatly  relieves  the  axial 
tension  in  the  fastener  and  the  compression  of  the  plates  in  their  thick¬ 
ness  direction. 

5.  As  a  result,  the  accelerometer  signal  from  a  tap  on  the  fastener  has 
a  definite  longer  time-to-damp  when  a  crack  is  present. 
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A  mathematical  analysis  of  the  radial  deformation  of  the  hole  without  and  with 
crack  results  in  the  two  equations  (Figure  2); 


where  D  =  the  displacement  at  the  edge  of  the  hole  without  crack 

D'  =  the  displacement  at  the  edge  of  the  hole  with  crack 

Rh  =  radius  of  the  undeformed  hole 
p  ==  radial  pressure 

E  =  Young’s  modulus 

'p  =  Poisson's  ratio 

d  =  crack  depth 

The  equation  for  D'  reduces  to  that  for  D  when  the  crack  depth  d  goes  to  zero  (no  crack). 

Comparing  these  two  equations  it  will  be  noted  that  a  crack  increases  the  hole 
radial  growth  due  to  a  wall  pressure.  For  example,  if  d  is  20  per  cent  of  Rfj  (a  crack 
depth  equal  to  10  per  cent  of  the  hole  diameter),  then  the  hole  growth  due  to  wall  pres¬ 
sure  is  increased  approximately  14  per  cent  by  the  presence  of  the  crack.  That  is,  a 
hole  having  a  diameter  of  0.25  inch  would  be  14  per  cent  more  compliant  radially  if  it 
had  a  crack  only  0,  025  inch  deep. 

A  tap  on  a  fastener  head,  or  its  vicinity,  will  excite  to  some  degree  most  of  the 
normal  modes  of  a  plate  assembly.  Exceptions  would  be  those  modes  having  a  mode 
line  passing  through  the  fastener  which  is  tapped,  but  there  are  few  such  modes  for  a 
given  fastener. 

If  an  accelerometer  is  placed  on  the  plate  assembly  near  the  fastener  which  is 
tapped,  it  will  sense  nearly  all  of  the  normal  modes  which  are  excited  and  a  signal  from 
the  accelerometer  has  a  rich  spectrum  of  normal  mode  frequencies. 
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Modes  of  extremely  high  frequency  do  not  receive  much  energy  from  a  tap  on  a 
fastener,  so  their  amplitudes  are  relatively  small  in  the  accelerometer  signal  and  they 
die  out  in  a  very  short  time.  Modes  of  low  frequency  do  not  involve  much  relative  slip 
of  the  plates  and  in  a  plate  assembly  such  as  an  aircraft  wing  the  mode  lines  tend  to  be 
close  to  the  fasteners.  But,  there  is  an  intermediate  range  of  frequencies  in  which  one 
would  expect  to  see  the  most  pronoimced  effect  of  a  crack  on  the  time-to-damp  of  the 
accelerometer  signal.  Even  within  the  intermediate  range  of  frequencies  the  various 
frequencies  may  respond  differently,  depending  on  the  design  characteristic  of  the 
fasteners  and  their  surroundings.  For  a  connection  between  a  thin  skin  and  a  heavy 
beam,  the  frequency  displaying  the  most  drastic  influence  from  a  crack  is  different 
from  that  frequency  which  is  most  characteristic  for  a  thin  skin  and  light  beam  combi¬ 
nation. 


The  following  Figures  3  and  4  illustrate  this  influence  on  the  frequency  spec¬ 
trum.  Figure  3  shows  the  characteristic  part  of  the  frequency  spectrum  for  a  fastener 
connection  of  two  1/8  inch  plates  without  and  with  crack,  having  the  important  frequency 
range  around  11.0  KHz,  and  Figure  4  shows  the  characteristic  frequency  spectrum  for 
a  fastener  connection  of  two  1/4  inch  plates,  with  a  much  lower  critical  frequency  of 
around  5.4  KHz.  The  entire  frequency  spectrum  shows  numerous  other  mode  fre¬ 
quencies,  which  do  not  change  in  their  amplitudes  as  a  result  of  a  crack. 

If  the  total  output  signal  of  the  accelerometer  would  be  displayed  on  an  oscillo¬ 
scope,  a  trace  would  be  observed  which  contains  all  frequencies  excited  by  the  shock 
pulse  and  detected  by  the  accelerometer.  Because  only  one  or  two  frequencies  out  of 
the  entire  spectrum  show  a  longer  time-to-damp,  the  overall  trace  may  not  indicate  a 
clear  difference  between  no-crack  and  crack  condition.  Figure  5  shows  an  example. 
However,  if  we  use  a  bandpass  filter  which  suppresses  those  frequencies  which  do  not 
change  and  display  only  the  characteristic  frequency ,  then  we  obtain  a  significant 
"crack  effect."  Figure  6  is  an  illustration  of  a  filtered  signal. 

In  many  cases,  this  "crack  effect,"  displayed  on  the  oscilloscope,  is  very 
evident  and  after  some  experience  one  may  be  capable  to  judge  immediately  the  trace 
for  a  crack  or  no-crack  characteristic.  But  a  more  reliable  indication  is  required, 
which  not  only  shows  the  presence  of  cracks  but  also  may  provide  a  differentiation 
betv'een  various  dimensions  of  cracks.  This  can  be  achieved  by  integrating  the  filter 
output  by  electronic  means  and  indicating  this  integrated  signal  on  an  instrument.  The 
longer  the  time-to-damp,  the  larger  the  area  under  the  trace  envelope  and  the  larger 
the  integrated  signal.  Figure  7  shows  two  examples  for  integration. 
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Figure  8  shows  a  schematic  of  the  total  system  in  its  simplest  form.  It  is 
self-explanatory.  An  interesting  feature  is  the  use  of  a  tape  recorder  which  stores 
the  signals  from  the  accelerometer  for  later  evaluation,  if  an  immediate  "live" 
analysis  cannot  be  performed.  It  is,  of  course,  also  possible  to  store  the  filtered 
signals  as  a  permanent  inspection  record. 

Although  most  of  the  experiments  and  tests  were  performed  on  samples  with 
simulated  cracks,  extensive  tests  have  been  conducted  on  a  wing  of  a  damaged  F104 
airplane  and  other  samples.  Our  test  results  on  the  wing  have  been  correlated  with 
Zyglo  test  results. 


Conclusions 


The  technique  of  testing  fasteners  for  hidden  cracks  by  acoustic  means  using 
the  "time -to -damp"  as  a  criterion  for  the  presence  or  absence  of  a  crack  has  been 
proven  as  a  feasible  approach,  which  also  promises  to  become  a  practical  method. 
More  research  and  development  work  is  indicated  to  achieve  the  optimum  perform¬ 
ance.  It  seems  to  meet  not  only  the  requirement  for  detecting  small  cracks,  it  also 
offers  the  possibilities  to  provide  a  direct  numerical  readout  of  the  test  result. 
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FIGURE  3.  Critical  frequency  spectrum  for  1/8  inch  plates 
without  and  with  crack 
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FIGURE  4.  Critical  frequency  spectrum  for  l/4  inch  plates, 
without  and  with  crack 
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FIGURE  7.  Area  under  trace-envelope  to  be  integrated 
indicating  presence  of  crack 
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FIG.  8  SCHEMATIC  OF  CRACK  DETEGTIOM  SYSTEM 


CORRELATION  BETV^EEN  FLAWS  AND  SERVICE  PERFORMANCE 


R.  Halmshaw 

R.A.R.D.E.,  Ministry  of  Defence,  U.K. 


Evervone  involved  in  non-destructive  flaw  detection  is, 
sooner  or  later,  faced  with  answerina  the  auestion,  "Does  it 
matter?"  ,  in  relation  to  some  flaw  v/hich  has  been  detected 
during  examination  of  a  specimen. 

In  an  ideal  world  the  radiographer  (or  other  N.D.T.  ex¬ 
pert)  would  be  limdted  to  answering  the  guestions  -  "v/hat  is 
it?"  or  "v7here  is  it?"  i.e.  the  identification,  location  and 
size  of  the  flaw  -  but  this  is  really  no  more  than  buck¬ 
passing  -  someone  still  has  to  ans^^7er  the  auestion,  "does  it 
matter?".  In  this  same  ideal  world  that  would  be  the  job  of 
the  designer,  but  often  he  is  not  available  for  consultation, 
and  anvhow  one  cannot  run  a  committee  for  every  flaw  which 
turns  UP  on  non-destructive  testing.  So,  we  are  back  to  the 
radiographer,  possibly  together  with  an  inspector  representing 
the  custom.er,  and  whether  we  like  it  or  not,  they  have  to 
settle  this  acceptance  auestion. 

It  has  been  argued,  rather  naivelv,  that  tucked  away  in 
people's  experience  -  radioaraphers ,  inspectors,  designers, 
research  workers  -  is  all  the  information  necessarv  to  set  up 
acceptance  standards.  After  all,  to  take  one  example,  higher 
pressure  boilers  have  been  fabricated  and  radiographed  for 
about  30  vears  with  no  evidence  of  any  great  quantitv  of 
failures,  so  the  standards  of  acceptance  used  must  be  reason¬ 
ably  satisfactory.  Accordingly,  various  symposia  have  been 
organized  -  and  this  has  happened  in  several  countries,  as  well 
as  internationally  -  to  get  the  experts  together  to  discuss  and 
orenare  acceptance  standards.  It  was  also  thought  to  be  a  good 
idea  to  discuss  failed  structures  -  the  causes  of  failure  -  as 
these  should  give  information  on  the  magnitude  of  the  defects 
which  caused  failure. 

Unfortunately  this  procedure  has  not  worked  well,  and  not 
much  progress  has  been  made.  In  general,  the  experts  cannot 
tell  you  that  a  particular  size  of  flav/  is  likely  to  cause 
failure,  and  that  another  (smaller)  size  of  flav;  is  acceptable- 
not  even  if  the  .Service  conditions  are  known  and  can  be  speci¬ 
fied.  Secondly,  it  is  amazing  how  few  examples  can  be  docu¬ 
mented  where  failure  can  be  said  to  be  prim.arily  due  to  a  flaw 
which  v;as,  or  could  have  been,  found  by  NDT.  .Most  failure  in¬ 
vestigations  are  regarded  as  commercial  secrets  betv/een  the 
producer  and  custom.er,  and  of  those  v/here  information  is  avail¬ 
able,  the  large  majority  are  caused  bv  design  errors,  use  of 
wrona  material,  or  inadeguate  control  of  Service  conditions. 
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The  number  of  examples  where  an  internal  flaw  was  responsible 
for  failure  is  a  very  small  proportion  of  the  whole.  I  pro¬ 
pose  to  come  back  to  this  subject,  later. 

WELDS 

Earlier,  I  mentioned  radiography  of  boiler-welds:  this 
was  not  to  decry  other  methods  of  NDT  -  merely  that  radiogra¬ 
phy  is  one  of  the  older  methods  usually  referred  to  as  NDT, 
that  butt-weld  inspection  is  one  of  the  more  widely  used 
applications  of  radiography,  and  that  radiography  produces  a 
permanent  record  which  can  be  referred  to. 

If  one  examines  boiler-weld  radiographs  taken  in  the 
1935-40  period  two  conclusions  can  be  made: 

(1)  The  quality  of  the  radiography,  i.e.  the  sensitiv¬ 
ity,  is  greatly  inferior  to  that  of  present-day  radio¬ 
graphs. 

(2)  The  level  of  acceptable  flaws  is  much  more  rigorous 
now  than  30  years  ago.  The  standard  of  acceptance,  even 
allowing  for  increased  working  pressures  and  temperatures, 
is  not  the  same.  (Fig.  1) 

In  particular  the  acceptable  quantity  of  porosity  was  much 
less  severe  in  1937  than  today. 

It  seems  clear  that  acceptance  is  based  more  on  a  judgement 
of  what  is  high-quality  welding  than  on  considerations  that  a 
particular  flaw  might  lead  to  failure.  Thus,  as  welding  tech- 
niaues  have  improved  and  welding  electrodes  have  gotten  better 
so  that  slag  inclusions  and  porosity  have  become  less  prevalent, 
so  the  acceptance  level  has  risen.  Acceptance  appears  to  be 
based  on  a  dual  standard. 

(1)  Cracks,  lack  of  penetration  are  rejected  because  these 
are  serious  flaws  which  can  lead  to  failures. 

(2)  Porosity  and  slag  inclusions  are  rejected  because  they 
should  not  nowadays  occur  in  any  quantity  in  high-class 
welding  -  their  presence  indicates  that  the  workmanship  is 
not  as  good  as  it  should  be. 

I  should  now  like  to  look  at  the  subject  of  flaws  in  welds 
from  another  point-of-view.  How  much  is  known  about  the  signif¬ 
icance  of  flaws  from  mechanical  tests  of  welds  into  which  flaws 
have  been  introduced? 

In  the  U.K.  most  of  this  work  has  been  done  at  B.W.R.A.  and 
the  authorities  are  undoubtedly  Newman  and  his  colleagues.  (1) 

I  should  like  to  start  by  quoting  from  a  paper  by  Newman  and 
Gurney  (2)  on  tests  of  1/2"  thick  steel  butt-welds: 


"It  has  been  shown,  for  example,  that  whereas  quite  severe 
defects  may  have  little  or  no  effect  on  the  fatigue  strength  of 
circumferential  butt-joints  in  pipe  (e.g.  in  unbacked  joints 
the  strength  is  dominated  by  the  stress  concentration  effect  of 
the  root  area) ,  the  fatigue  strength  of  machined  butt-joints  in 
plate  depends  critically  on  the  presence  or  absence  of  defects. 

In  reality  there  is  no  anomaly  between  such  results.  Whether 
or  not  a  given  defect  will  influence  fatirrue  strength  will  be 
determined  bv  the  inherent  fatigue  strength  of  the  joint  in  which 
it  occurs  -  'inherent'  here  meaning  'in  the  absence  of  defects'. 
Welded  joints  give  a  v;ide  range  of  inherent  fatigue  strengths. 
Taking  unv/elded  mild  steel  olate  strength  as  100%,  the  strengths 
of  tvpical  fusion-welded  joints  in  the  same  material  can  vary 
between  100%  and  20%  without  the  intervention  of  anv  influence 
from  defects." 


Nevertheless,  Nev-m^an  has  found  reasonable  correlation  be- 
tv;een  fatigue  strength  for  long  endurances  (6x10^-1x10^ 
cvcles)  and  length  of  slag  inclusion  seen  radiocrranhically ,  for 
inclusions  of  roughly  the  same  thickness.  When,  however  the 
^•;ork  was  extended  to  1  1/2"  thick  steel  welds  no  similar  cor¬ 
relation  X'/as  found;  the  authors  think  that  this  may  have  been 
due  to  the  over-riding  influence  of  hydrogen  in  the  m.etal  in 
the  thicker  welds.  On  the  1/2"  welds  a  diagram  can  be  drav/n 
of  permissible  defect  length  for  different  classes  of  welded 
structure  (Fig.  2)  and  it  is  suggested  that  in  the  absence  of 
other  evidence  that  this  standard  can  be  taken  as  suitable  for 
1/2"  and  thicker  steel  xvelds. 

On  1/2"  xvclds,  Nex-mian  (3)  has  also  found  a  correlation  be- 
tv;een  reduction  of  fatigue  strength  and  defect  severitv  (measured 
as  a  percentage  reduction  of  area)  for  lack  of  penetration,  and 
this  has  also  been  confirm.ed  bx/  work  in  Belgium  bx/  Oiavot  and 
colleagues  (4) .  It  was  noted  that  fatiaue  cracks  could  oriai- 
nate  at  the  edge  of  the  x-xeld  overfill  or  at  the  incomplete 
oenetration,  whichever  x,;as  the  areater  stress-raiser . 

The  im.portance  of  surface  notches,  undercut  and  similar 
surface  stress-raisers  -  defects  v/hich  are  not  alv^avs  regarded 
as  important  in  non-destructive  testing  -  needs  to  be  empha¬ 
sized.  Newman  makes  the  point  that  the  most  common  source  of 
failure  in  v/elding  is  the  fillet  weld  v/orkinq  at  too  high  a 
stress:  a  badly  m.ade  fillet  vxeld  x-;ith  a  poor  profile  intro¬ 

duces  points  of  stress  concentration  v/hich  can  be  of  the  order 
of  5-10  times  the  average  stress. 

The  essence  of  the  fatigue  strength  problem  is  the  neom- 
etrx/  of  the  construction.  Weld  profiles  and  design  are  usuallx/ 
far  m.ore  important  factors  than  internal  defects. 
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To  summarize:  There  are  many  factors  which  affect  the  abil- 
itv  of  a  welded  joint  to  withstand  Service  conditions,  and  the 
presence  of  flav7S  such  as  pores  and  slag  inclusions  is  only  one 
of  these  factors.  If  the  other  factors  can  be  controlled,  the 
significance  of  welding  flaws  can  be  assessed,  but  alternatively 
the  influence  of  other  factors  may  completely  swam.p  the  effect 
of  any  sm.all  flaws. 

As  examples, 

(1)  Some  welding  techniques  inevitably  introduce  hydrogen 
into  welds.  The  hydrogen  is  dissolved  in  the  liouid  weld 
metal  and  diffuses  on  cooling.  Martensite  may  form  in  the 
heat-affected  zone  due  to  rapid  heating  and  cooling  and  if 
hvdrogen  diffuses  into  this  area,  it  viill  make  it  extremely 
brittle  so  that  cracks  may  occur.  Such  cracks,  which  do 
not  necessarily  reach  the  surface,  are  very  difficult  to 
detect  with  certainty  with  any  N.D.T.  method  -  some  may  be 
found,  but  some  will  be  missed. 

(2)  Manrr  welding  techniaues  introduce  filler  metal,  which 
is  not  of  the  same  composition  as  the  parent  plate;  also, 
adjacent  to  the  weld,  melting  may  destroy  the  properties 
of  the  original  alloy.  Again,  therefore,  weld  strength 
can  be  seriously  affected  by  factors  other  than  flaws 
found  by  radiography  or  ultrasonic  testing. 

In  weld  inspection  in  general  therefore,  it  would  seem  that 
the  right  approach  to  the  problem  of  acceptance  standards , assuming 
that  fatigue  strength  is  the  criterion  of  serviceability,  is  to 
identify  unacceptable  stress  concentration  conditions.  Therefore, 
a  general  list  of  unacceptable  defects  is  not  possible,  particu- 
larlv  for  a  range  of  weld  designs  and  finishes.  More  attention 
than  is  customary  should  also  be  paid  to  various  things  not  usuallv 
considered  as  flaws  -  surface  finish,  surface  defects,  weld  pro¬ 
file.  So  far  as  flaws  are  concerned,  all  that  it  seem.s  possible 
to  state  is  that  in  the  present  state  of  knowledge,  all  cracks 
and  lack  of  penetration,  when  detected,  should  be  regarded  as 
unacceptable  in  sny  weld  with  pretensions  to  high  quality. 

CASTINGS 

In  castings  the  significance  of  casting  flaws  in  relation  to 
Service  performance  is  even  more  difficult  to  assess  than  in  welds. 
Probably  less  fundamental  work  has  been  done  on  castings  than  on 
v;elds,  and  the  problem  is  inherently  more  difficult  in  that  it  is 
not  easy  to  stress  a  complex  casting  in  a  manner  which  is  repre¬ 
sentative  of  Service  conditions.  Again  in  most  practical  examples 
it  is  likelv  that  other  factors  than  internal  flaws  -  surface 
condition,  heat- treatment ,  v/all  thickness  -  v.’ill  have  a  dominating 
influence  on  suitability  for  Service. 
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VJith  small  castings  ^^7hich  are  for  high-duty  use  and  which 
are  to  be  made  in  some  quantity,  it  ought  to  be  possible  to 
produce  an  acceptance  standard  based  on  tests  to  destruction 
of  castings  of  each  specific  pattern,  but  in  practice  this 
appears  to  be  done  only  very  rarely.  In  the  aircraft  industry, 
few  patterns  of  casting  are  used  in  sufficient  quantity  to 
justify  extensive  destructive  testing,  and  even  when  this  is 
done,  it  occurs  only  after  a  preliminarv  selection  of  "good" 
castings  by  the  foundry.  Thus  it  is  extremely  rare  for  de¬ 
structive  testing  to  be  done  on  castings  known  to  contain 
internal  flavjs.  One  of  the  few  examples  found  was  an  investi- 
aation  of  the  influence  of  different  degrees  of  microporosity 
in  light-alloy  castings:  the  details  are  to  som.e  extent  a 
commercial  secret,  but  the  general  conclusion  was  that  a 
moderate  degree  of  microporosity  could  be  tolerated. 

In  practice,  the  level  of  acceptance  of  a  casting  is  set 
in  terms  of 

(1)  the  degree  of  soundness  which  can  be  attained  by  the 
foundry  on  a  large  proportion  of  castings  to  the  particular 
design,  i.e.  a  percentage  rejection  rate; 

and  very  rarely  on 

(2)  advice  from  the  designer  on  the  significance  of  any 
flaws  found  by  N.D.T.,  based  on  sectioning  and  destruc¬ 
tive  testing. 

There  seems  to  be  very  few  cases  where  a  casting  is  loaded 
under  conditions  which  simulate  Service  conditions  and  then 
cycled  to  destruction.  This  is,  of  course  a  very  expensive 
procedure  -  the  cost  of  one  test  to  failure  on  an  aircraft  wing 
main  beam  forging  has  been  ouoted  as  $50,000. 

In  the  U.S.A.  work  has  been  done  on  tensile  testing  of 
standard  test  blocks  of  cast  steel  containing  intentionally- 
introduced  defects  and  curves  of  the  type  shown  in  Fig.  3 
have  been  produced  for  a  range  of  defect  types  and  casting 
thickness . (5)  I  am  open  to  be  convinced  that  this  tvpe  of 
test  has  much  relevance  to  the  strengths  of  comiplex  castings, 
even  of  the  same  material,  but  at  least  it  represents  some 
available  data  on  the  significance  of  defects  in  castings, 
even  if  under  relatively  artificial  conditions.  This  American 
work  is  intended  to  provide  a  physical  basis  for  the  sets  of 
reference  radiographs  of  castings  which  are  becoming  available 
through  ASTM  and  other  organizations. (6)  If  the  reference 
radiographs  are  accepted  as  standards,  the  costly  practice  of 
static  testing  each  new  design  of  casting  to  establish  standards 
could  be  eliminated.  It  is  easv  to  deride  this  v/ork,  and  the 
whole  subject  of  reference  radiographs,  but  on  the  other  hand, 
the  present  state  of  affairs  is  entirely  unsatisfactory. 
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The  progranme  of  v7ork  outlined  by  Mattek  was  for  tvpe  410 
stainless-steel  castings,  heat  treated  to  a  particular  value 
of  U.T.S.  and  onlv  U.T.S.  and  elongation  were  measured.  It  is 
still  to  be  shown  that  the  results  are  also  applicable  to  other 
steels,  other  conditions,  and  other  thicknesses. 

STUDIES  OF  FAILURES 

Trouahton  (7)  has  analyzed  the  main  causes  of  failure  in 
aircraft,  based  on  a  studv  of  52  case  histories.  He  shov/s 
that  11  of  these  failures  v;ere  due  to  the  flight  conditions 
beinc  different  from  those  assumed  in  the  design:  18  were 
due  to  the  test  loadinas  not  being  representative  of  those 
arisina  in  practice  and  9  because  the  test  specimens  v.-ere  not 
representative  of  the  material  actuallv  used.  ^'ost  of  the 
other  failures  were  due  to  faultv  detail  design  and  there  was 
little  evidence  that  faultv  material  had  been  the  cause  of  anv 
failures . 

The  author  has  been  aiven  access  to  a  large  number  of 
failure  reports  and  m.etallurgical  investigations  on  aircraft 
castinas  in  another  aircraft  companv  and  it  is  remarkable  hov,; 
few,  out  of  several  hundred  reports  during  the  past  tvrentv 
^7oars,  show  anv  evidence  of  failure  being  attributable  to 
castinrr  flav's  v;hich  could  be  detected  by  N.D.T.  methods.  It 
must  be  borne  in  mind,  however,  that  b^'  the  time  castinas 
reach  the  aircraft  constructor  thev  have  already  had  one 
screenina  bv  non-destructive  examination.  Grosslv  defective 
castings  should  not  therefore  get  past  this  first  screening. 

A  few  specific  case  histories,  summarized  in  Figs.  4,  5, 

6,  and  7  have  some  interest.  All  concern  light  allov  material. 

Fig.  4  shov/s  a  photoaraph  of  fracture  and  a  section  throuah 
the  defective  area.  The  report  states  that  "This  component 
failed  bv  overload  because  of  a  local  casting  defect  which  liad 
the  effect  of  reducing  the  effective  cross-sectional  area. 

Anodic  penetration  dovrn  cracks  from_  the  surface  indicate  that 
these  cracks,  (as  well  as  the  porosit^O  were  present  in  the 
original  casting." 

Fig.  5  shov7S  an  elevator  pulley  bracket  castina,  where 
failure  is  reported  to  be  due  to  "localized  areas  of  porositv 
and  dross  inclusions  at  the  locations  of  the  fractures,  vrhich 
reduced  the  strength  characteristics  at  that  cross-section 
and  caused  failure  at  comparativelv  low  loads". 

T^ig.  5  shows  a  cockpit  canopv  castina  failure.  The  con¬ 
clusions  of  the  examination  are  mixed: 


"Tit  the  re^gion  of  failure  the  casting  v/as  not  to  drav/ing 
dir.ensions.  At  the  position  of  fracture  and  correspondina  to 
the  reduced  section  caused  bv  a  bolt  ?iole,  there  was  a  casting 
defect  (inclusion).  It  is  understood  that  the  reduction  of 
section  due  to  the  two  causes  is  sufficient  to  account  for  the 
failure" . 

Radioaranhs  taken  elsev^here  in  this  casting  showed  similar 
sr^all  inclusions,  but  the  failure  V7as  caused  bv  the  association 
of  casting  flav;,  bolt  hole  and  abnormallv  thin,  section. 

Fig.  7  shov/s  a  steering  lever  casting  on  which  the  con¬ 
clusions  are  guite  clear:  "The  cracking  was  due  to  a  cold 
shut  tvpe  of  defect,  v/hich  was  agaravated  bv  heat-treatment, 
and  which  should  have  been  detected  and  rejected  bv  the  in¬ 
spection  department" . 

Todd  (8)  has  analyzed  failures  in  ships.  Over  200  failures 
in  a  period  of  5  vears,  covering  both  hulls  and  machinery  of  a 
fleet  of  cargo  liners,  none  were  due  to  flaws  which  vwuld  have 
been  found  by  conventional  non-destructive  flaw  detection. 

Most  failures  again,  v;ere  due  to  errors  in  detail  design  or 
to  the  use  of  material  of  inferior  quality  -  faulty  heat-treat¬ 
ment,  or  use  of  the  wrong  grade  of  steel. 

Tv;o  cases  with  x-/hich  the  author  has  been  personally  con¬ 
cerned  are  worth  detailing.  One  concerned  a  fabricated  A- 
bracket  for  a  ship  -  the  bearing  and  arms  supporting  the  rear 
end  of  the  propeller  shaft.  In  a  new  design  the  arms  were 
butt-welded  on  to  stubs  on  a  cast  tube  and  gamma-radiography 
showed  that  the  welds,  v;hich  varied  from  l"-4"  in  thickness, 
contained  a  moderate  am.ount  of  dispersed  slag  inclusions.  As 
the  structure  was  a  very  heavy  section  and  not  severely  stressed 
the  makers  and  the  radiologist  were  of  the  opinion  that  the 
welds  were  good  enough:  the  customer  was  doubtful.  It  was 
found  that  the  specification  permitted  a  drop  test  to  be  re- 
auested  and  this  was  arranged.  The  bracket  was  dropped  10  ft. 
on  to  concrete  in  such  a  manner  that  one  arm  struck  the  ground 
first  and  the  heavy  bearing  a  moment  later.  One  arm  snapped 
off  -  about  3"  away  from  the  weld!  I  am  far  from  clear  what 
this  proved  -  there  were  no  significant  casting  defects  on  the 
line  of  fracture  -  but  it  initiated  a  wonderful  argument  as  to 
who  was  going  to  pay  for  the  broken  bracket. 

The  other  example  concerned  wrought  armour  plate,  6"  thick, 
which  was  used  for  shell-proving  and  which  had  been  oroducing 
erratic  results.  About  50  proving  plates  were  examined  ultra- 
sonicallv  and  the  quantity,  size  and  distribution  of  non-me- 
tallic  inclusions  was  found  to  vary  over  a  very  wide  range, 
from  virtually  clear  plate  to  what  can  only  be  described  as 
"very  dirty" . 


It  Beeped  obvious  that  these  inclusions  could  be  the  cause 
of  the  variations  in  performance  and  two  clean  and  two  very 
dirtv  plates  v;ere  used  on  a  firing  trial.  The  results  were 
entirely  at  variance  v/ith  our  hopes;  both  "clean"  plates 
shattered  prematurely.  A  metallurgical  investigation  v/as 
undertaken  on  the  pieces  and  it  was  found  that  the  "clean" 
plates  were  lioth  in  a  brittle  condition  and  also  had  very  low 
Tzod  values. 

A  second  trial  vmere  shell  v;ere  fired  at  clean  and  dirty 
areas  of  the  same  plate  also  failed  entirely  to  shov;  any  cor¬ 
relation  between  performance  and  defects,  and  it  seems  quite 
clear  that  factors  other  than  inclusions  of  this  magnitude  and 
location  control  shell-stoppina  ability  in  armour.  Although 
the  correlation  obtained  was  therefore  negative,  and  it  could 
be  argued  that  non-destructive  testing  of  armour-plate  is  a 
useless  procedure,  the  work  at  least  established  some  levels 
of  defect  severitv  which  did  not  affect  performance  in  the 
specific  conditions  used. 

THE  USES  OF  NON-DESTRUCTIVE  TESTING 

Much  of  the  above  discussion  suggests  that  for  flaw  detec¬ 
tion  in  metals,  non-destructive  inspection  is  an  ineffective 
techniaue.  Taken  by  itself,  v/ithout  knowledge  of  Service 
conditions,  design  factors  and  visual  inspection  it  seems  to 
me  that  it  is  guite  limited  in  its  usefulness.  Of  course, 
evervone  knows  of  examples  of  N.D.T.  revealing  internal  defects 
v/hich  no  right-minded  engineer  would  dream  of  allowing  into 
service  -  see  Fig.  8  -  and  one  or  two  examples  of  this  sort  in 
com.plicated  and  important  components  can  justify  the  cost  of 
manv  months  of  routine  N.B.T.  inspection  -  but  in  the  majority 
of  cases  of  TJ.D.T.  flaw  detection,  interpretation  of  the  signifi¬ 
cance  of  the  findings  has  to  be  done  without  adequate  background 
information . 

I  read  the  recent  Lester  Honour  lecture  by  Commander  Smilev 
on  "N.D.T.  in  the  Polaris  Programme",  with  great  interest.  There 
he  states  ouite  catergorically  that  a  programme  of  correlation 
of  motor  defects  v/ith  performance  was  undertaken  such  that  at 
the  end  they  can  now  be  99%  certain  in  predicting  the  effect  of 
anv  defect  found,  on  performance.  I  have  not  seen  the  results 
of  this  v;ork  -  I  presume  that  the  information  is  highly  classi¬ 
fied  -  but  if  it  can  be  done  on  such  a  large,  complicated  and 
expensive  item  as  a  Polaris  motor,  it  must  be  possible  to  do  it 
on  almost  any  structure.  I  should  dearly  like  to  know  how  many 
motors  were  test-fired  to  achieve  this  correlation  and  what 
percentage  of  the  project-cost  such  tests  represent.  I  find 
the  implication  that  N.D.T.  -  radiography  and  ultrasound  - 
provide  adequate  data  to  get  a'  correlation  v/ith  rocket  motor 
performance  rather  intriguing.  This  has  not  been  our  experience 
on  small  solid-propellant  motors  -  where  a  proportion  of  "rogue" 
results  occur. 
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■^inall'/,  having  nuggented  that  the  value  of  M.D.T.  :^law 
detection  may  soraetiraes  lae  auestionable ,  I  should  like  to 
briefly  outline  a  fev;  applications  of  K.D.T.  v/hich  seem  to 
me  to  be  more  justifiable. 

First  of  all,  radiograohv  (and  fluoroscopv)  .  Mv  ov/n 
particular  field  includes  much  assemblv  inspection  -  check¬ 
ing  the  correctness  of  assemblv  of  ordnance  items  -  the 
presence  of  a  spring  or  a  ball,  alignment  of  surfaces,  cap 
v/idths,  etc.  Interpretation  is  not  usuallv  difficult,  and 
skill  and  experience  are  necessary  rather  than  judgement. 

?in  extension  to  this  tvpe  of  v/ork  is  the  use  of  radiographv 
to  measure  internal  spacings  and  gap  v/idths .  This  is  a 
relativelv  nev7  and  expanding  application.  Special  fine-grain 
single  emulsion  film  can  be  used  where  desirable,  to  improve 
accuraev  of  measurement:  ±  0.001  is  already  achieved  and 
better  is  probabl^''  possible. 

Ultrasonic  testing  like  radiography  can  be  either  flaw- 
detection  or  something  guite  different.  A  few  methods  v/hich 
are  already  beina  used  are : 

(1)  ultrasonic  velocity  measurem.ents  for  the  determina¬ 
tion  of  mechanical  properties  of  cast-iron 

(2)  ultrasonic  attenuation  measurem.ents  for  the  control 
of  heat-treatment  of  steel  castings 

(3)  thickness  measurement 

(4)  bond-checking  -  still  a  little  controversial! 

(5)  checkincT  of  metal  grain  size  by  attenuation  m.easure- 
m.ents . 

Other,  relatively  nev/  applications  can  be  mentioned: 

(1)  Sonic  testing  of  modular  cast-iron,  for  checkina  the 
degree  of  modularity  and  the  m.easurement  of  U.T.S. 

(2)  Quality  control  of  ball  bearings,  etc.  using  magnetic 
properties 

(3)  Tube  thickness  control  with  eddy  currents 

It  is  a  feature  of  many  of  these  applications  that  great 
care  has  to  be  taken  to  fix  all  the  other  parameters  but  the 
one  to  be  measured.  If  this  is  not  done,  or  cannot  be  done, 
the  results  obtained  can  be  completely  m.is-interpreted .  Never¬ 
theless,  the  success  which  many  of  these  applications  have  al- 
readv  had,  suggests  that  the  scope  of  N.D.T.  is  far  from  ex¬ 
hausted,  whether  or  not  v/e  ever  obtain  realistic  data  on  the 
significance  of  defects  in  castings  and  vi/elds! 


386 


REFERENCES 


1.  R.P.  Newman.  Brit.  J.  N.D.T.  7.  (4).  90-96  1965 

2.  R.P.  Newman;  T.R.  Gurney.  Brit.  Welding  J.  IJ  (7) 

341-352  1964 

3.  R.P.  Newman;  M.G.  Dawes.  Brit.  Woldina  J.  ^  (3) 

117-120  1965 

4.  F.  Guyot,  H.  Louis,  J.  Martelee,  V7.  Goete.  I.I.W./11.5 

Report  V-366-66/OF,  1966 

5.  L.J.  Mattek.  Materials  Res.  &  Standards.  633-637.  1962 

6.  ASTM.  A.S.T.M.  Reference  Radiographs,  E.  186. 

7.  A.  Troughton.  J.  Roval  Aeronautical  Soc.  (to  be  published, 
1967) 

8.  B.  Todd.  W.  of  Scotland  Iron  &  Steel  Inst.  Trans.  72, 

42-62.  1964/65 


387 


Figure  1,  Two  examples  of  boiler  weld  radiographs  of  3/4"  thick 
showing  defects  regarded  as  acceptable. 


Figure  5.  Cross-sections  of  fracture  in  pulley  bracket  casting 
showing  localized  areas  of  porosity  close  to  fracture 
face  (lOx) . 


Figure  6.  Macrograph  of  section  through  defective  zone  of  cockpit 
canopy  casting. 
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Figure  7,  Defect  in  steering  lever  casting; 


Figure  8.  Radiograph  of  repaired  area  of  casting,  wall  thickness  1" 
(An  attempt  had  been  made  to  remove  shrinkage  pipe  by  drilling  holes 
and  filling  these  with  welding.  Holes  are  not  properly  filled  and 
weld  has  cracked  extensively) . 


AN  ENGINEERING  BASIS  FOR  ESTABLISHING  RADIOGRAPHIC 
ACCEPTANCE  STANDARDS  FOR  POROSITY  IN  STEEL  WELDMENTS 


H.  Greenberg 

Westinghouse  Research  Laboratories 
Pittsburgh,  Pa. 

Most  design  engineers  and  quality  control  personnel  soon  come  to  realize 
that  very  few,  if  any,  weldments  are  completely  free  from  porosity  and  inclu¬ 
sions.  They  then  have  the  difficult  task  of  establishing  limits  on  the  size, 
distribution,  and  total  number  of  flaws  that  can  be  tolerated  for  a  given  applica¬ 
tion.  In  some  cases,  acceptance  standards  may  be  based  on  failure  analyses 
either  of  production  parts  or  specially  designed  and  artificially  flawed  specimens 
tested  in  such  a  way  as  to  simulate  service  conditions.  The  latter  type  of 
analysis  can  yield  realistic  estimates  of  critical  flaw  sizes  responsible  for 
initiating  premature  failures;  but,  unfortunately,  only  in  a  few  applications  have 
a  sufficiently  large  number  of  parts  been  destroyed  to  establish  valid  limits. 

What  does  a  designer  do  when  he  has  neither  the  time  nor  facilities  to 
conduct  a  destructive  test  program?  The  usual  procedure  is  to  review  all 
available  specifications  and  select  acceptance  standards  which  have  been  success¬ 
fully  applied  to  other  similar  parts  for  a  reasonable  period  of  time.  For  steel 
weldments,  the  radiographic  standards  in  the  ASME  Boiler  Code,  particularly 
Section  VIII,  the  Unfired  Pressure  Vessel  Code,  have  frequently  served  this 
purpose.  In  particularly  critical  applications  such  as  nuclear  pressure  vessels, 
designers  have  felt  that  the  standards  should  be  somewhat  more  restrictive  than 
those  applied  to  ordinary  boilers  so  they  established  a  new  set  of  radiographic 
standards,  namely  those  in  Nav  Ships  250-1500-1.  In  other  very  highly  stressed 
applications  such  as  rocket  motor  cases,  radiographic  standards  have  been 
established  as  a  result  of  a  compromise  between  design  engineers  who  insist  on 
perfection  and  manufacturing  personnel  who  are  concerned  with  costs  and  delivery 
schedules. 

Radiographic  standards  in  the  Unfired  Pressure  Vessel  Code  were  first 
adopted  by  ASME  in  about  1931.  All  cracks  and  incomplete  fusion  were  considered 
rejectable.  Inclusions  or  cavities  were  acceptable  if  less  than  1/3  T  (thickness  of 
plate)long  and  if  separated  by  2  T  of  solid  metal.  Acceptance  levels  for  porosity 
were  illustrated  by  prints  of  radiographs,  four  of  which  were  included  as  part  of 
the  1931  specification.  Actual  radiographs  were  substituted  for  the  four  prints  in 
1934  and  these  remained  in  use  until  1951.  Present  day  penetrameters  were 
adopted  for  use  in  1940.  The  radiographic  acceptance  standards  for  slag  in¬ 
clusions  and  porosity  were  made  more  restrictive  for  the  first  time  in  1934,  but 
then  remained  essentially  the  same  until  1951  when  they  were  tightened  consider¬ 
ably.  They  were  subsequently  slightly  revised  in  1959  and  finally  were  loosened 
as  to  size  of  pore  but  tightened  to  permit  fewer  pores  in  1962.  A  compilation  of 
the  changes  in  the  radiographic  acceptance  standards  in  the  Unfired  Pressure 
Vessel  Code  may  be  found  in  Figure  1.  Sheets  showing  allowable  porosity  in 
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1/2"  to  1  1/4"  thick  plate  from  the  1959  and  1962  Codes  and  a  corresponding  one 
from  Nav  Ships  250-1500-1  are  included  as  Figures  2,  3,  and  4,  respectively. 
Maximum  permissible  pore  sizes  from  the  three  specifications  are: 

1959  Code  1962  Code  250-1500-1 


Sizes 

Dia. 

No.  in 

6" 

Dia. 

No.  in  6" 

Dia. 

No,  in  6" 

Large 

.  075" 

15 

.  090" 

10 

.  065" 

8 

Medium 

.  045" 

33 

.  060" 

25 

.  050" 

15 

Fine 

.  035" 

65 

.  035" 

50 

.  040" 

20 

As  sorted 

50 

40 

15 

These  standards  do  not 

appear  to  be  based  on  critical  flaw  size  concepts  but 

instead  reflect  what  should  be  obtainable  with  good  welding  practice  by  a  conscienti¬ 
ous  experienced  welder.  Their  unqualified  use  frequently  results  in  unnecessary 
weld  repairs  which  increase  the  cost  and  delay  the  delivery  of  critical  parts. 
Furthermore,  where  automated  TIG  and  MIG  procedures  are  used  for  production 
welding,  manual  weld  repairs,  necessary  because  of  the  removal  of  tiny  pores, 
may  actually  reduce  the  reliability  of  the  product.  This  is  so  because  of  the 
inherent  danger  of  making  repairs  in  weld  metal  which  may  be  hot  short  (e.  g. 
Inconel),  or  else  in  a  highly  restrained  condition  with  high  residual  stresses 
present  in  the  vicinity  of  the  weld  repair. 

Engineers  and  scientists  now  have  a  much  better  understanding  of  failure 
mechanisms  and  the  minimum  size  of  flaw  that  can  initiate  premature  failure 
under  given  service  conditions  of  stress,  temperature,  and  environment. 
Radiographic  acceptance  standards  should  be  based  on  these  advanced  concepts. 

A  number  of  factors  must  be  taken  into  consideration  when  deciding  upon  the 
maximum  size  of  flaws  that  can  be  tolerated  in  a  given  application,  namely: 

(1)  mechanical  properties,  including  fracture  toughness,  of  the  part 

(2)  applied  stress  level  (including  any  residual  stresses) 

(3)  cyclic  nature  of  applied  stress 

(4)  temperature 

(5)  environment 

(6)  degree  of  uncertainty  in  the  above  data 

(7)  potential  consequences  of  failure. 

An  illustration  of  such  factors  for  the  120"  diameter  rocket  motor  case  is  shown 
in  Figure  5. 

The  first  problem  is  to  decide  the  most  likely  failure  mode,  e.  g.  ,  fatigue, 
brittle  fracture,  ductile  shear,  creep-rupture,  stress -corrosion,  etc.  From  the 
data  in  Figure  5,  it  was  concluded  that,  in  this  application,  we  need  not  concern 
ourselves  with  normal  fatigue  (because  of  the  low  number  of  cycles  -  one  or  two 
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hydrotests  and  a  firing),  creep-rupture  (because  of  the  low  service  temperature), 
or  stress -corrosion  (because  of  adequate  protection  by  paint).  Close  control  on 
minimum  section  thickness  and  the  tensile  test  results  obtained  in  qualification 
tests  eliminated  ductile  shear  from  consideration,  leaving  brittle  fracture  as  the 
failure  mode  of  most  concern.  Brittle  fracture  could  conceivably  occur  during 
hydrotest  or  in  the  actual  firing;  the  latter  could  be  considered  a  low  cycle  fatigue 
failure. 

Fortunately,  we  now  have  a  means  of  estimating  critical  flaw  size  for 
initiation  of  brittle  fracture  based  on  the  fracture  mechanics  approach  originally 
proposed  by  Griffith^  and  more  recently  modified  by  Irwin^  and  others.  ^  The 
various  tests  for  measuring  toughness  have  been  thoroughly  covered  elsewhere"^’  ^ 
and  will  not  be  discussed  here.  Let  it  suffice  to  say  that  expressions  have  been 
developed  for  plane  strain  fracture  toughness  (Gj^)  and  the  plane  strain  critical 
stress  intensity  factor  (Kj^)  from  which  the  critical  flaw  size  for  initiation  of 
brittle  fracture  can  be  determined.  ^  For  practical  engineering  purposes,  the 
plane  strain  toughness  values,  being  the  most  conservative  estimates,  may  be 
considered  as  material  constants  applicable  to  all  geometries  and  loading 
conditions  in  a  manner  somewhat  analogous  to  yield  strength. 

The  critical  depth  "a”  of  a  semi-elliptical  surface  flaw  is  expressed  as 
follows 


a 


f-  -  0.212 


or 

2-1 

vs 

1.21 Ttq 


G 


where  K 

6 


Ic 

G 


plane  strain  fracture  toughness,  psi  -7 in. 
applied  stress  normal  to  the  flaw,  psi 
tensile  yield  strength,  psi 

an  elliptical  integral  which  is  dependent  upon  the  ratio  of 
crack  depth  "a"  to  1/2  crack  length  ^ 


The  critical  sizes  of  internal  elliptical  flaws  may  be  estimated  in  a  similar 
fashion  using; 


a  = 


-  0.212 

a 

L 

ysi 

J 

TTct,, 


The  only  differences  between  the  two  expressions  are  that  the  total  flaw 
depth  for  internal  flaws  is  "2a"  and  the  constant  "1.  21"  is  deleted  from  the 
denominator.  From  these  two  equations  we  can  calculate  critical  flaw  sizes 
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provided  that  we  know  the  yield  strength  of  the  material,  its  fracture  toughness 
Kfc,  and  the  applied  stress.  For  the  120"  rocket  motor  case  design  conditions, 
the  yield  strength  is  190  ksi,  is  70  ksi  YliT,  ,  and  the  hoop  stress  has  been 

calculated  to  be  170  ksi.  The  critical  sizes  of  both  surface  and  internal  cracks 
oriented  normal  to  the  hoop  stress  (the  most  severe  condition)  are  shown  in 
Figure  6.  As  may  be  seen  from  the  data,  flaw  geometry  is  an  important  con¬ 
sideration.  Long,  shallow  flaws  are  just  as  effective  in  triggering  catastrophic 
failure  as  shorter,  deeper  flaws. 

It  must  be  emphasized  that  these  critical  flaw  sizes  were  determined  for 
very  sharp  cracks.  They  should,  therefore,  be  applicable  with  a  very  large 
margin  of  safety  to  less  dangerous  flaws  such  as  porosity  and  inclusions.  In 
this  paper,  porosity,  nonmetallic  inclusions  and  tungsten  particles  are  treated 
as  though  they  are  identical  in  nature  and  any  possible  effects  of  sharp  edges, 
corners,  or  tails  on  these  flaws  are  ignored  since  they  cannot  be  more  severe 
than  the  sharp  cracks  on  which  the  calculations  were  made, 

values  for  D6ac  steel  welds  were  determined  at  Westinghouse  on  large 
edge-notched  tensile  specimens  previously  described  by  Wessel.  ^  Although 
four  such  tests  on  fully  heat  treated  weldments  showed  a  range  in  from  80  to 
97  ksi  "Y  in.  for  the  TIG  weld  metal,  a  value  of  70  ksi  ■Y in,  was  used  in  the 
calculations  leading  to  Figure  6  since  this  value  was  reported  elsewhere^  for 
D6ac  weld  metal.  Actually,  five  measurements  of  Kj^,  may  be  insufficient  to 
establish  its  variability  in  welds,  particularly  porous  ones.  Porosity  in  welds 
may  be  due  to  excessive  nitrogen  in  the  shielding  gas  which  could  not  only  cause 
porosity  but  could  result  in  a  high  concentration  of  iron  nitrides  in  the  adjacent 
weld  metal  which  could  seriously  reduce  its  toughness  and  ductility  in  segregated 
areas.  The  safest  approach,  therefore,  is  to  use  the  lowest  measured  value  of 
Kjc  for  the  weld  metal  rather  than  the  average  value  or  that  of  the  base  metal. 
The  Kjj,  of  the  D6ac  base  metal  was  measured  to  be  110  ksi  Yim  and  that  of  the 
heat -affected  zone  was  97  ksi 

From  the  curves  in  Figure  6,  it  becomes  evident  that  for  the  material  in 
question,  an  internal  crack  less  than  0.  24"  in  diameter  and  a  surface  crack  less 
than  0.  20"  in  diameter  cannot  initiate  a  brittle  fracture.  In  keeping  with  con¬ 
servative  practice,  a  safety  factor  should  be  applied  to  compensate  for  minor 
variations  in  manufacturing  practice.  If  we  substitute  200,  000  psi,  the  ultimate 
strength  of  the  material,  for  the  170,  000  psi  design  stress  originally  used  to 
calculate  the  critical  flaw  sizes  shown  in  Figure  6,  we  get  new  values  for  the 
critical  dimensions  of  both  surface  and  internal  flaws,  shown  graphically  in 
Figure  7.  These  curves  show  that  round  disc-shaped  internal  cracks  less  than 
0.  17"  in  diameter  are  not  large  enough  to  trigger  a  brittle  failure  in  this  appli¬ 
cation  even  at  an  applied  stress  of  200,  000  psi;  however,  a  similar  flaw  present 
on  the  surface  need  only  be  0.  07"  deep  and  .  14"  long.  Keeping  in  mind  that  we 
are  treating  porosity  as  though  it  were  a  sharp  crack,  we  must  define  the 
rejectable  diameter  of  an  individual  pore  as  the  critical  length  of  the  more  severe 
surface  flaw  since  radiography  cannot  distinguish  a  surface  pore  from  an  internal 


396 


one.  For  the  application  in  question,  the  critical  diameter  of  a  single  pore  is 
therefore  limited  to  0.  14".  Figure  7  also  shows  that  the  critical  length  of  an 
internal  flaw  does  not  increase  appreciably  until  its  depth  is  decreased  to  about 
0.  08".  Continuing  in  this  same  vein,  one  can  then  interpret  Figure  7  to  indicate 
that  even  though  an  elliptical  internal  flaw  0.  06"  x  0.  35"  is  sufficient  to  initiate 
a  brittle  failure,  internal  pores  less  than  0.  06"  deep  cannot  cause  a  brittle 
fracture  regardless  of  length  for  the  example  and  application  cited.  On  the  other 
hand,  elongated  surface  flaws  need  only  be  .  027"  deep  in  order  to  initiate  a 
brittle  fracture. 

Having  established  the  maximum  permissible  size  of  a  single  pore,  we  can 
now  concern  ourselves  with  groupings  of  pores  and/or  inclusions  in  the  form  of 
clusters  or  aligned  porosity.  Peterson^  has  shown  that  two  equal  sized  pores 
greater  than  one  pore  diameter  (d)  apart  have  negligible  effect  upon  one  another 
in  uniaxially  stressed  (cylindrical)  sections;  this  critical  ligament  is  1.  5d  for 
biaxial  stresses  (spherical  dome)  sections.  *  For  the  sake  of  uniformity  and  also 
to  incorporate  another  safety  factor  into  our  acceptance  standards,  let  us  assume 
that  pores  within  3d  of  one  another  may  interact  to  increase  the  stress  level. 

Those  greater  than  3d  apart  need,  therefore,  only  be  considered  as  individual, 
randomly  scattered  porosity  and  should  not  be  included  in  any  groupings  of  clusters 
or  aligned  porosity. 

As  stated  above  for  the  120"  rocket  motor  case,  a  single  pore  0.  14"  dia, 
should  be  considered  rejectable.  Two  pores  less  than  0.  14"  dia.  should  likewise 
be  rejected  if  they  are  sufficiently  less  than  3d  apart  to  cause  the  stress  intensity 
at  the  surface  of  one  of  the  pores  to  increase  to  that  of  the  critical  0.  14"  dia. 
pore.  How  close  two  small  flaws  must  be  to  one  another  to  equal  the  stress 
intensity  of  a  single  0.  14"  dia.  flaw  can  be  calculated  from  Chart  8  in  Peterson's 
paper"  which  is  herein  reproduced  as  Figure  8.  The  ordinate  in  Figure  8  is 
expressed  in  terms  of  a  ratio  of  stresses  rather  than  as  a  percent  increase  in 
stress  as  originally  presented  by  Peterson.  In  these  calculations,  it  is  assumed 
that  the  ratio  of  stresses  (the  increased  stress  due  to  proximity  of  a  second  flaw 
divided  by  the  stress  due  to  a  single  flaw)  varies  inversely  as  the  square  root  of 
flaw  diameter.  The  critical  proximities  (ligaments)  of  pairs  of  various  size 
flaws  resulting  from  these  calculations  are  presented  in  Figure  9.  From  this 
curve,  which  utilizes  the  same  2:1  safety  factor  originally  used  in  establishing 
3d  as  the  critical  ligament  for  large  flaws,  it  is  apparent  that  two  0.  10"  dia. 
pores  less  than  Id  apart  or  two  0.  060"  dia.  pores  less  than  l/2d  apart  are  as 
critical  a  crack  starter  as  a  single  0.  14"  dia.  pore.  Pores  less  than  0.  060"  dia. 


*TiffanylO  in  a  recent  report  of  experiments  conducted  on  D6ac  steel  specimens 
containing  two  co-planar  elliptical  surface  flaws  (artificial  notches  extended  by 
fatigue)  concluded  .  .  there  is  very  little  interaction  between  co-planar  flaws 
unless  they  are  surprisingly  close  together.  "  This  is  in  agreement  with  the 
results  of  Peterson's  analysis. 

*'■' Payne  in  a  recent  paper H  came  to  a  similar  conclusion  using  a  different 
theoretical  approach  supported  by  Tiffany's^®  experimental  data. 
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can  be  ignored  unless  there  are  more  than  two  within  l/2d  of  one  another.  If  we 
consider  three  or  more  adjacent  pores  less  than  0.  060"  dia,  and  within  l/2d  of 
one  another  as  being  elliptical  flaws  encompassing  all  adjacent  pores  and  the 
metal  between  them,  we  can  establish  realistic  limits  for  clusters  and  aligned 
porosity  based  on  the  critical  flaw  sizes  shown  in  Figure  7. 

We  now  have  all  the  data  needed  to  develop  a  set  of  conservative  standards 
for  porosity  in  TIG  welds  in  the  120"  rocket  motor  case,  namely: 

(1)  Single  pores  in  excess  of  0.  14"  diameter  are  rejectable. 

(2)  Two  pores  between  0.  060"  and  0.  14"  in  diameter  are  reject- 
able  if  they  are  less  than  a  critical  ligament  "L"  apart.  The 
critical  ligaments  are  shown  in  Figure  9;  if  the  pores  are  not 
of  the  same  diameter,  use  the  diameter  of  the  smaller  pore  in 
determining  the  critical  ligament. 

(3)  Aligned  porosity,  three  or  more  pores  less  than  0.  060"  dia,  , 
all  within  l/2d  of  one  another,  and  whose  extremities  intersect 
a  straight  line,  is  rejectable  if  the  total  length  of  the  grouping 
exceeds  0.  20". 

(4)  A  cluster  of  pores,  all  of  which  less  than  0.  060"  dia,  and 
within  l/2d  of  one  another,  are  rejectable  if  the  total  area 
of  the  grouping  cannot  be  encompassed  by  a  circle  0.  14"  in 
diameter  or  an  ellipse  0.  06"  x  0.  20", 

Assuming  that  the  radiographs  do  not  show  a  general  condition  of  segregated 
porosity  sufficient  to  significantly  reduce  the  effective  cross-sectional  area  of  the 
part,  these  four  statements  are  all  that  is  required  unless  one  wishes  to  include 
a  workmanship  requirement  restricting  the  total  number  of  pores  in  some  given 
length  of  the  weld,  e.  g,  ,  ten  pores  (with  diameters  larger  than  0.  060")  per  foot. 
The  latter  type  of  restriction  should  not,  however,  be  a  basis  for  rejection  but 
rather  should  be  used  to  alert  welding  personnel  that  remedial  action  is  required 
to  correct  a  welding  process  going  out  of  control. 

If  similar  sets  of  standards  were  developed  for  the  steels  and  welding 
procedures  permitted  by  the  Boiler  Code,  the  six  pages  of  porosity  charts  in  the 
Appendix  could  be  eliminated.  At  this  point,  let  us  return  to  Figure  3  (one  of  the 
six  pages)  and  examine  the  various  charts  critically,  assuming  for  sake  of 
illustration  that  they  are  being  considered  for  application  to  the  120"  rocket  motor 
case.  To  begin  with,  the  upper  four  charts  appear  to  express  merely  a  workman¬ 
ship  requirement  and  an  extremely  loose  one  at  that.  Two  of  the  large  pores 
(second  chart)  are  actually  within  1.  5d  of  one  another  and  should  therefore  be 
considered  rejectable.  There  appears  to  be  no  justification  for  the  4T  separation 
requirement  for  large  pores,  nor  for  the  2T  separation  between  groups  of  aligned 
medium  pores.  On  the  other  hand,  the  individual  groupings  of  aligned  medium 
pores  (sixth  chart)  are  too  long  and  may  exceed  the  critical  length  of  an  elliptical 
internal  flaw. 


398 


As  previously  mentioned,  pores  have  been  treated  as  though  they  were 
disc -shaped  sharp  cracks  rather  than  globular  cavities.  Radiography  presents 
only  a  planar  view  of  flaws,  and  the  plane  is  not  the  one  normal  to  the  applied 
stress;  furthermore,  radiography  is  incapable  of  presenting  the  depth  dimension 
of  the  flaw  in  the  direction  parallel  to  the  beam  of  radiation  other  than  by  slight 
changes  in  film  density.  Since  pores  are  essentially  spherical,  we  can  assume 
that  the  depth  is  approximately  equal  to  the  visible  diameter  on  the  radiograph; 
furthermore,  it  is  conceivable  that  pores  may  have  sharp  edges  or  tails  not 
visible  on  the  radiograph  so  it  may  not  be  too  great  an  error  to  treat  the  visible 
pore  as  though  it  were  a  sharp  crack  oriented  in  the  worst  possible  direction. 
There  is  one  other  factor  of  safety  not  mentioned  heretofore,  namely,  that 
radiographs  reveal  aligned  porosity  and  clusters  of  pores  as  though  they  are  all 
situated  in  the  same  plane.  Actually,  they  may  be  located  anywhere  within  the 
thickness  of  the  weld  and  may  therefore  be  much  more  than  the  critical  ligament 
apart  even  though  the  radiograph  shows  them  to  be  that  close  to  one  another. 


Even  though  all  radiographic  standards  unequivocally  state  that  cracks  and 
lack  of  fusion  are  rejectable,  it  has  been  shown^^’  ^  that  fine  cracks  clearly 
visible  on  the  surface  of  the  part  or  else  detected  by  magnetic  particle  or  dye 
penetrant  tests  are  not  always  detectable  radiographically  even  with  the  best  of 
techniques.  On  the  other  hand,  ultrasonic  inspection,  particularly  with  the  use 
of  angle  J)e|tgn  search  units,  readily  detects  the  presence  of  cracks  and  lack  of 
fusion.  ’  Additional  development  work  is  required,  particularly  with  respect 
to  interpretation  of  results  and  establishment  of  standards  for  each  specific 
configuration  of  welded  joint  before  ultrasonic  testing  can  be  used  to  full  advantage. 
For  optimum  results  on  critical  assemblies,  more  than  one  nondestructive  testing 
technique  should  be  utilized  because  each  of  them  has  specific  capabilities  of  flaw 
detection  not  enjoyed  by  the  others. 


This  paper  has  been  concerned  only  with  radiographic  standards  for  porosity 
and  inclusions  in  welds  subject  to  brittle  fracture.  Castings  and  wrought  alloys  can 
certainly  be  analyzed  in  a  similar  manner.  In  applications  where  fatigue  is  the 
anticipated  failure  mode,  material  properties  would  be  weighted  differently.  The 
governing  factor  would  be  the  rate  of  crack  propagation  until  a  critical  flaw  size  is 
reached,  at  which  point  the  remaining  section  would  fail  suddenly  by  either  brittle 
fracture  or  shear  depending  on  the  temperature,  stress,  material  properties,  etc. 

The  considerations  involved  in  setting  up  standards  for  porosity  in  welds  subject 
to  fatigue  and  possibly  complicated  by  a  corrosive  environment  are  beyond  the 
scope  of  this  paper.  They  can,  however,  be  analyzed^®  and  realistic  radiographic 
standards  for  porosity  can  be  developed  for  applications  subject  to  fatigue  conditions. 

In  summary,  radiographic  acceptance  standards  for  pcrrosity  must  be  established 
specifically  for  a  given  application  and  should  be  based  on  critical  flaw  sizes  for  the 
anticipated  failure  mode.  Modern  concepts  of  fracture  toughness  and  stress  con¬ 
centrating  effects  of  holes  in  close  proximity  to  one  another  should  be  utilized  in 
developing  the  standards.  For  critical  applications,  radiographic  inspection  should 
be  supplemented  with  ultrasonic,  magnetic  particle,  and/or  dye  penetrant  inspection 
techniques.  Development  work  in  the  form  of  destructive  testing  of  parts  with 
deliverately  introduced  flaws  should  be  strongly  encouraged. 


399 


Acknowledgements 


The  writer  wishes  to  acknowledge  the  support  and  encouragement  of  C.  M. 
Miller,  Manager  of  the  Westinghouse  Rocket  Motor  Case  Department,  Philadel¬ 
phia,  Pa.  He  is  likewise  indebted  to  his  associates  R.  E.  Peterson,  E.  T. 
Wessel,  and  F.  E.  Werner  for  many  hours  of  fruitful  discussion  on  this  subject 
as  well  as  many  helpful  suggestions  following  their  critical  review  of  the  paper. 

References 


1.  Griffith,  A.  A.  ,  "The  Phenomena  of  Rupture  and  Flow  in  Solids,  "  Royal 
Society  Philosophical  Transactions,  Series  A,  v.  221  (1920)  pp.  163-198. 

2.  Irwin,  G.  R.  ,  "Analysis  of  Stresses  and  Strains  Near  the  End  of  a  Crack,  " 
Journal  Applied  Mechanics,  v.  24  (1957)  p.  361. 

3.  Orowan,  E.  ,  "Energy  Criteria  of  Fracture,  "  Welding  Research  Supplement, 

V.  20  (1955)  p.  157s. 

4.  "Progress  in  Measuring  Fracture  Toughness  and  Using  Fracture  Mechanics 
-  Fifth  Report  of  a  Special  ASTM  Committee,  "  Materials  Research  and 
Standards,  v.  4,  No,  3,  Ivlarch  1964,  p,  107. 

5.  Srawley,  J.  E.  and  Brown,  W.  F.  ,  Jr.,  "Fracture  Toughness  Testing,  " 

Paper  presented  at  67th  Annual  Meeting  of  ASTM,  Chicago,  Illinois, 

June  1964. 

6.  "The  Slow  Growth  and  Rapid  Propagation  of  Cracks,  Second  Report  of  a 
Special  ASTM  Committee,  "  ASTM  Bulletin,  May  1961,  p.  389. 

7.  Wessel,  E,  T.  ,  "Brittle  Fracture  Strength  of  Metals,  "  presented  at  ASTM 
63rd  Annual  Meeting,  Atlantic  City,  N.  J.  ,  June  I960. 

8.  Informal  Communication,  S.  M.  Jacobs,  UTC,  June  16,  1964. 

9.  Peterson,  R.  E.  ,  "The  Interaction  Effect  of  Neighboring  Holes  or  Cavities, 
with  Particular  Reference  to  Pressure  Vessels  and  Rocket  Cases,  "  ASME 
Annual  Meeting,  1964. 

10.  Tiffany,  C.  F.  and  Masters,  J.  N.  ,  "Applied  Fracture  Mechanics,  "  Paper 
presented  at  the  67th  Annual  Meeting  of  ASTM,  Chicago,  Illinois,  June  1964. 

11.  Payne,  W.  A.  ,  "Incorporation  of  Fracture  Information  in  Specifications,  " 
Paper  presented  at  the  67th  Annual  Meeting  of  ASTM,  Chicago,  Ill.  ,  June  1964. 

12.  Parker,  F.  C.  ,  "Are  Standards  or  Codes  Practical  for  Ultrasonic  Exam¬ 
ination  of  Metals  and  Weldments,  "  Paper  No.  56 -A- 185,  ASME  Annual 
Meeting,  New  York,  N.  Y.  ,  November  1956. 

13.  Hornung,  R.  ,  "Experience  in  Flaw  Detection  by  Means  of  Ultrasonics  As 
Against  Radiography,  "  Brutcher  Translation  HB  No.  5707,  Stahl  and  Eisen, 

V.  83  (1963)  pp.  298-304. 

14.  Renner,  R.  W.  ,  "Ultrasonic  Inspection  of  Welds  in  Heavy  Steel  Plate,  " 
Westinghouse  Research  Labs  Report  64-148-467 -Rl,  Ivlarch  4,  1964. 

15.  Renner,  R.  W.  and  Greenberg,  H.  ,  "Correlation  of  Ultrasonic  and  Radio - 
graphic  Inspection  of  a  3/8"  Thick  D6AC  Welded  Plate,  "  Westinghouse 
Research  Labs  Report  63 -848 -467 -R 1,  July  26,  1963. 


400 


H  OJ  VD 

lTN  iTN  -TN 

ON  CTN  C?\ 


=  O  en  I  ' 
-P  Tj  • 
aJ  - 

oor  O  I 
^  C 

0\  -H 
-P  rOr 

n  -4-  •■» 

EH  EH\r 
rO-4 

O  O  rH  - 
Ch  I 
r  OJ 
=  Eh  J- 
-4  ro\  U  • 
W--I  0)  • 

f-t  f-i  I  >  • 

v  V  c\j  o  ■ 


•H  C  EH 
(Q  <\J 

)  3  ,  rH 

cP  Eh 
O  \y 

a  ^  o 

■fH  O 
XI  ^ 

I  rH  -P 
rP  P  tiO 

a  (n  c 

I  B  a> 

•  ui  s  p 


NO 

-4 

On 

P 

•-3 

a 

1 

G 

\0  1 

a 

A 

6 

G 

cn 

:  H  "P  t 

'  w  o  o  >> 

^  ft  <D  G 

I  <u  x:  P  0} 

I  X5  P  'ta  ai  «> 
I  bO  O  P  (0 

1  P  G  C  :  O  4> 

)  to  4)  tO-4  ft  C 


Cfl  V 

w  p  ^  XI  x: 

c  0)  t,  efl  P 
O  >  O  >»P 
•H  ft  P  ft  0) 

I  m  cfl  p  4»  P 

3  <0  O  etf 

P  C  CM  O  O  P 

O  p  P  Jh  OJ  ft 


m 

On 

P 

i4 

G 

VO  1 

a 

A 

CO 

•.X3  C  Eh  ft 


p  ft  p  0)  x: 

P  O  p  X3  p 

P  03 

xJ  C  6  p  C 

o  «a  (0  0) 

cfl  P  3  P 

P  ft  S 

G  d  O  t3 

P  H  10  P 
B  03  G  i; 

.•H  3  x:  o  5 

Eh  o  P  p 

m  bO  03  cfl 

V  C  3  Eh 

P  ^  P  C  OJ 

w  P  P  CJ  P  P 


1 

73 

>» 

C 

X3 

G 

1 

P 

o 

t3 

a 

a  a 

tJ 

•H  XJ 

G 

G 

p  o 

Li 

ft  L> 

0 

ft 

P 

ft 

3 

O 

a  a 

a 

t3 

P 

a 

a 

P 

p 

p 

a 

a  o 

p 

a 

x:  n 

♦H 

ft 

ft 

g 

S 

t3 

G  a 

s 

o 

u 

Li  jC 

o 

G 

bO  p 

u 

u 

a 

3 

>• 

0 

•t-i 

0 

ft 

P  a 

p 

G  a 

ft 

p  p. 

tJ 

o 

C  P 

a 

V  ft 

Li 

a 

a 

9? 

p 

a  >» 

ft 

c 

Li  g 

g 

p 

ft  Li 

O 

u 

a  1 

o 

ft 

>4  X 

a  ft  ft  ft 
G  O  O  O 

G  P 

0)  P 

•i  CM  rn 

P  *3 

SP  u  0)  0) 

>•^53^ 
P  «  3  3 
^  I  to 
o  c  3  p  p 

P  U  ft  (>4 


G  a  G 
p  a  V  a  a 

ft  o  ft  d  G 
o  P  o  ;C 
u  o 

a  ft  a 
a  O  a  >»  >» 
a  a  P  -P 

5  5  5  a  a 
a  M  o  o  o 

P  G  P  »-« 

aa 

n  w  n  >  > 

M  ^ 

EH  P  »  » 

G  X3  o  '3  a 


40 


Ah'Qneo/  C3  or  more 


WELDS  OVER  '/2 ”  TO  AND  INCLUDING  r*THICK(T=  WELD  THICKNESS) 
ASSORTED-RANDOMLY  DISPERSED 


ALL  SIZES  TO  ’/ig"  IN  DIAMETER 

MAXIMUM  NUMBER  OF  INDICATIONS  IN  6"=  15 

CLUSTERS 


ALL  SIZES  TO  i/|6"IN  DIAMETER 

MAXIMUM  NUMBER  OF  IND.  IN  EACH  CLUSTER=8{I  LARGE, 3MED., 4  FINE  ) 
LARGE-RANDOMLY  DISPERSED 

O'. 065"  dia. 


\4T0‘''i6  maximum  in  diameter 

MAXIMUM  number  OF  INDICATIONS  IN  6''=8 
MEDIUM-RANDOMLY  DISPERSED 


0.040"  dia. 

''32"toW  in  DIAMETER 

MAXIMUM  NUMBER  OF  INDICATIONS  IN  6”=  15 

FINE-RANDOMLY  DISPERSED 

0.050"  dia. 

UP  TO  ‘/32"  IN  DIAMETER 

MAXIMUM  NUMBER  OF  INDICATIONS  IN  6*’=  20 

ALIGNED  (3  IND.  ARRANGED  SUCH  THAT  THEY  LIE  ON  A  STRAIGHT  LINE) 


Figure  4 

Porosity  Standards  tor  Welds  l/2"  -  1"  Thick 
(Excerpted  from  Nav  Ships  25O-I5OO-I) 
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Application 


-  120"  dia..  rocket  motor  case 


Alloy 

QJypical  properties 
of  D6ac  welds 

Plane  strain  fracture 
toiaghness 

Design  stress  level 
Cyclic  nature 
Temperature 

Environment 

Degree  of  uncertainty 

Potential  consequence 
of  failure 


-  3/8"  thick  D6ac  plate 

-  202,000  psi  U.T.S. 

190,000  psi  Y.S.  (0.2^^  offset) 

11^  Elong.  iio  in  2") 

42^  Reduction  of  Area 

12  ft.  lbs.  Charpy  V-notch  at  75°F 

-  70,000  psi  s/in. 


-  170,000  psi  hoop  stress 

-  2  to  5  cycles 

-  20°  -  100°  F 

-  Protected  by  paint 

-  +  15^  in  strength  level 
+  10 yt  in  stress  level 

-  Catastrophe  with  possible  loss  of  life 
and  certain  loss  of  the  total  missile 
and  mission 


Figure  5 

Considerations  Involved  in  Determining  Critical  Flaw 
Size  in  the  120"  Rocket  Motor  Case 


Flaw  Dipir;  Inchu 


M  Ut-l 


Fig.  6-Critical  flaw  sizes  for  D6  ac  welds  at  an  applied  stress  of  170,  000  psi 
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Curve  571 1 3 1  - 
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Fig.  7-Critical  flaw  sizes  for  D6  ac  welds  at  an  applied  stress  of  200, 000  psi 
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Fig.8-lnteraction  effe 
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Critical  ligaments  for  pairs  of  various  size  flaws 


NEW  NDT  TECHNIQUES  FOR  AEROSPACE 
MATERIALS  AND  STRUCTURES 


E .  J .  Kubiak 

General  American  Transportation  Corporation 
Niles,  Illinois 


Introduction 


During  the  last  few  years,  great  strides  have  been  made  in  developing 
new  materials  and  new  fabrication  processes  for  aircraft  and  aerospace  appli¬ 
cations.  These  advances  have  resulted  in  materials  and  composite  structures 
which  have  higher  strength  to  weight  ratios  and  greater  environmental  toler¬ 
ance  than  was  even  thought  possible  not  too  many  years  ago.  In  particular, 
significant  contributions  have  come  in  the  area  of  refractory  metals.  Besides 
the  many  improvements  which  have  been  made  in  the  refractory  metals  them¬ 
selves,  new  fabricating  techniques  such  as  diffusion  bonding  and  filament  rein¬ 
forcement  have  been  developed  and  reduced  to  practice. 

These  latest  developments  in  material  and  fabrication  methods  have  in 
turn  spotlighted  the  need  for  new  and  better  ways  to  nondestructively  inspect 
the  structures  resulting  from  them.  The  old,  tried,  and  true  NDT  methods 
no  longer  are  sufficient.  Pressed  by  this  urgent  need  for  new  nondestructive 
inspection  methods,  researchers  have  been  working  hard  developing  new  tech¬ 
niques  and  applying  known  technology  which  has  been  laying  dormant  for  years. 
Two  NDT  techniques  which  appear  to  have  particularly  good  potential  for 
inspecting  modern  day  aircraft  and  aerospace  materials  and  structures  are: 

(1)  EM  Lamb  waves  and  (2)  dynamic  infrared  inspection.  Let  us  take  a  brief 
look  at  each  of  these  techniques  to  learn  what  they  are  and  how  they  may  be 
put  to  work. 

FM  Lamb  Waves 


The  existence  of  the  type  of  stress  wave  known  as  a  Lamb  wave  was  first 
established  mathematically  by  Lamb^  in  1916,  but  it  was  not  until  the  mid¬ 
forties  that  their  existence  was  verified  experimentally  by  Firestone  and  Ling^. 

It  is  not  necessary  for  us  here  to  explore  the  theoretical  aspects  of  Lamb  waves 
since  this  has  been  covered  quite  extensively  by  both  Worlton^’  ^  and  di  Novi^’ 

For  our  purposes,  it  will  suffice  to  say  that  Lamb  waves  are  the  type  of  stress 
wave  that  may  be  propagated  in  a  thin  sheet  with  stress -free  surfaces  and  that 
they  consist  of  an  infinite  number  of  modes  of  vibration.  In  a  given  material, 
each  Lamb  wave  mode  has  a  different  velocity  of  propagation.  The  phase  velocity 
with  which  each  mode  travels  is  dependent  on  the  thickness  (d)  of  the  sheet,  the 
frequency  (f)  of  the  wave,  and  the  order  (n)  of  the  mode.  For  a  given  frequency- 
thickness  product  (fd),  there  are  a  finite  number  of  modes  that  can  be  generated, 
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and  the  number  of  possible  modes  increases  as  the  fd  product  increases.  This 
is  illustrated  in  Figure  1  which  is  a  theoretical  plot  of  phase  velocity  versus 
frequency-thickness  product  for  aluminum.  At  typical  ultrasonic  frequencies 
(above  1  megacycle).  Lamb  wave  generation  and  detection  is  limited  to  thin 
sheets  (0.  100"  and  less)  for  most  materials. 

Lamb  waves  are  generated  by  impinging  a  longitudinal  sound  wave  with  a 
speed  Vt  upon  a  sheet  at  an  angle  6  just  as  in  shear  wave  testing.  However, 
in  contrast  with  shear  wave  testing,  an  interference  pattern  results  throughout 
the  sheet  thickness  because  of  the  proximity  of  the  surfaces.  If  the  speed  of 
the  longitudinal  wavefront  moving  along  the  sheet  surface  which  is  equal  to 
Vt  /  sin  0  is  the  same  as  the  phase  velocity  of  the  Lamb  wave  mode,  constructive 
interference  will  occur  giving  rise  to  a  standing  wave  across  the  sheet  thickness 
which  will  the  propagate  parallel  to  the  surfaces.  Once  a  Lamb  wave  mode  is 
generated,  it  will  continue  to  travel  down  the  length  of  a  sheet,  assuming  the 
incident  angle  0  and  the  fd  product  are  held  constant,  until  it  reaches  a  dis¬ 
continuity  such  as  the  edge  of  the  sheet  or  a  flaw.  Several  effects  can  be 
observed  as  a  result  of  a  flaw  or  defect.  First,  the  original  Lamb  wave  mode 
will  in  part  be  reflected  back  towards  the  transmitting  transducer  where  it 
will  be  received  by  the  same  transducer  or  a  separate  one  inclined  at  the  same 
incident  angle  0.  Secondly,  the  frequency-thickness  product  will  no  longer  be 
satisfied  over  the  discontinuity  and  that  particular  mode  will  not  be  present  at 
that  location.  Thirdly,  the  discontinuity  will  cause  mode  conversion  to  occur 
and  modes  other  than  the  original  will  be  generated.  Both  of  these  latter  effects 
can  be  detected  with  a  receiving  transducer  inclined  at  a  supplementary  angle 
to  the  incident  angle. 

In  recent  years,  several  people  have  been  experimenting  with  Lamb  waves, 
and  their  work  is  cited  in  the  references^’  For  the  past  four  years,  the 
General  American  Research  Division  under  contract  to  the  Air  Force  Materials 
Laboratory  has  been  investigating^^-l?  nondestructive  test  methods  for  thin 
sheet  evaluation.  One  development  which  has  emerged  during  this  work  is  an 
improved  method  of  Lamb  wave  testing  which  has  been  called  FM  Lamb  Waves. 
Previously  Lamb  wave  testing  had  generally  been  accomplished  by  transmitting 
a  single  frequency  longitudinal  wave  either  in  pulse  or  CW  fashion.  This 
procedure  meant  that  precision  adjustment  of  either  the  incident  angle  0  or 
the  wave  frequency  was  required  in  order  to  obtain  a  particular  mode  for  even 
a  slight  change  in  sheet  thickness  or  material  properties.  This  can  be  seen 
from  Figure  2  which  is  a  plot  of  incident  angle  versus  frequency-thickness  product 
for  aluminum.  (The  solid  and  dashed  lines  are  theoretical  solutions  to  the 
mathematical  equations  describing  Lamb  waves  and  the  dots  are  experimental 
results.)  This  procedure  makes  inspection  setup  and  data  taking  extremely 
slow  and  tiresome.  Continuous  wave  (CW)  systems  have  largely  been  used  for 
Lamb  wave  inspection  as  they  have  the  advantage  that  only  a  narrow  bandwidth 
is  required  for  reception.  Unfortunately,  CW  systems  introduce  the  disadvan¬ 
tage  of  standing  wave  effects. 
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To  minimize  these  effects  and  facilitate  setup, we  have  incorporated  into 
our  Lamb  wave  system:  (1)  a  swept-frequency  transmitter  operating  in  the 
range  of  Z  to  25  MHz  and  (2)  a  heterodyning  receiver  which  compares  the 
received  signal  with  the  transmitted  signal.  The  swept-frequency  approach 
discriminates  against  standing  waves,  facilitates  setup  as  frequency  is  not  a 
parameter,  and  allows  several  Lamb  wave  modes  to  be  simultaneously  viewed 
in  an  amplitude  versus  frequency  plot  similar  to  that  achieved  with  a  spectrum 
analyzer.  Thus  it  is  possible  to  observe  simultaneously  the  response  of 
several  modes  to  the  same  defect  or  discontinuity.  By  heterodyning  the  received 
signal  with  the  transmitted  signal,  a  difference  frequency  is  obtained  which  is 
dependent  upon  the  transit  time  of  the  Lamb  wave  through  the  sheet.  Generally, 
this  difference  frequency  is  in  the  upper  audio  range.  This  is  a  very  desirable 
feature  for  the  detection  of  weak  signals  because  it  permits  considerable  band¬ 
width  reduction.  It  also  allows  for  the  discrimination  of  signals  due  to  spurious 
reflections. 

Initially  testing  is  normally  performed  in  an  immersion  tank  such  as  shown 
in  Figure  3,  because  of  the  capability  of  being  able  to  vary  at  v.ill  both  transducer 
Separation  and  angle  of  incident.  For  certain  applications,  a  variable  angle  hand 
scanner,  Figure  4,  or  a  fixed  angle  hand  scanner.  Figure  5,  can  be  used  to  over¬ 
come  the  water  loading  effect  of  the  immersion  test.  A  scanner  for  on-line  work 
which  features  liquid  filled  rubber  tires  (for  housing  the  transducers)  and  adjust¬ 
able  angle  and  separation  distance  is  shown  in  Figure  6. 

Figures  7a  and  7b  illustrate  Lamb  wave  propagation  in  zirconium  both  in 
the  direction  of  rolling  and  perpendicular  to  the  direction  of  rolling.  This  data 
was  taken  from  a  .  018”  thick  sheet  of  pure  zirconium  that  had  been  annealed  at 
1250OF  for  two  hours  after  rolling.  Note  the  amplitude  reduction  of  the  two 
highest  frequency  modes  (which  are  the  3A  mode  at  10.  8  MHz  and  the  3S  mode 
at  13,  7  MHz)  when  the  sample  is  inspected  perpendicular  to  the  direction  of 
rolling.  Figures  8a  and  8b  illustrate  the  effect  of  a  laminar  inclusion  on  Lamb 
wave  propagation.  This  data  was  taken  from  a  ,028"  sheet  of  titanium  which 
contained  small  foreign  inclusions  which  became  laminar  defects  after  rolling. 
Note  the  frequency  shift  and  mode  conversion  occurring  at  the  mode  directly  to 
the  right  of  the  10  MHz  marker. 

Figures  9a  and  9b  illustrate  the  effect  of  lack-of-bond  on  Lamb  wave 
propagation.  The  bond  line  being  inspected  was  generated  by  rolling  a  .  005” 
sheet  of  pure  columbium  between  two  sheets  of  zircaloy.  The  resultant  structure 
was  ,  080”  thick, and  the  bonding  defect  has  been  verified  by  radiography.  Note 
the  loss  of  amplitude  due  to  a  poor  bond  and  the  apparent  mode  conversion. 

The  inspection  and  evaluation  of  thin  sheet  poses  many  unique  problems 
not  encountered  with  thicker  materials.  First,  the  inspection  area  per  volume 
of  material  is  large,  requiring  extensive  scanning.  If  the  inspection  is  accom¬ 
plished  at  the  mill,  this  must  be  done  at  high  speeds  with  high  response  systems 
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in  order  that  corrections  or  repairs  can  be  made.  The  thinness  of  the  material 
renders  many  of  the  approaches  normally  used  ineffective  or  susceptible  to 
variations  proportional  to  thickness.  In  fact,  some  schemes  take  advantage  of 
this  effect  to  provide  a  measure  of  thickness;  eddy  current,  gamma  ray  and  beta 
backscatter  gaging  systems  being  typical.  Voids  or  inclusions  normally  detectable 
by  ultrasonic  techniques  are  unperceptible  at  the  operating  frequencies  of  commer¬ 
cially  available  equipment.  While  these  can  be  detected  by  nuclear  radiation 
devices,  the  requirement  for  the  high  speed  inspection  of  large  areas  presents 
many  problems.  FM  Lamb  waves,  on  the  other  hand,  are  capable  of  permitting 
flaw  detection  in  thin  sheets  with  a  minimum  amount  of  time  per  unit  area  and 
with  a  minimum  number  of  sensors. 

Dynamic  Infrared  Inspection 

The  basic  concept  of  infrared  inspection  is  predicated  on  the  fact  that  flaws 
and  defects  within  a  body  change  the  thermal  characteristics  of  the  body.  If 
heat  flow  exists  in  the  body  and  various  other  conditions  are  proper,  this  ther¬ 
mal  characteristic  change  will  manifest  itself  as  a  surface  temperature  difference 
or  gradient.  In  other  words,  the  body  will  exhibit  a  different  thermal  radiation 
signature  if  it  contains  flaws  than  it  would  if  it  contained  no  flaws,  A  high  speed 
scanning  infrared  detection  system  can  then  sense  these  gradients  or  signatures 
and  convert  them  into  electrical  signals  which  can  be  recorded  and  interpreted. 


The  important  point  to  remember,  however,  is  that  heat  flow  must  be 
present  for  infrared  methods  to  detect  flaws  in  materials  and  structures.  This 
heat  flow  can  be  achieved  either  by  action  within  the  flaw  or  by  injecting  heat 
from  an  external  source.  These  heat  flow  generation  methods  are  known 
respectfully  as  passive  and  active  systems.  Some  techniques  which  have  been 
used  or  considered  for  heat  injection  sources  are;  (1)  hot  air  jets,  (2)  plasma 
jets,  (3)  direct  flames,  (4)  inductive  heating  coils,  (5)  contacting  tape  heating 
coils,  (6)  infrared  and  arc  lamps,  and  (7)  lasers. 

Under  contract^^’  to  Air  Force  Flight  Dynamics  Laboratory,  the  General 
American  Research  Division  has  developed  an  automated  infrared  system  for 
detecting  surface  or  near  surface  fatigue  cracks  to  be  used  in  the  Air  Force  Sonic 
Test  Facility  at  Wright  Patterson  Air  Force  Base.  This  facility  is  capable  of 
subjecting  large  aircraft  or  missile  structures  to  the  intense  sound  fields  experi¬ 
enced  in  actual  flight  or  launch.  One  of  the  primary  instrumentation  requirements 
of  the  facility  is  a  noncontacting,  nondestructive  inspection  system  capable  of 
rapidly  locating,  in  real  time,  the  position  and  extent  of  flaws  or  cracks  which 
develop  in  the  experimental  structure  during  the  course  of  the  test.  Earlier  we 
had  successfully  applied  IR  techniques  to  the  detection  of  voids  and  flaws  buried 
in  rubber  and  plastic  structures.  While  metals,  due  to  their  higher  thermal 
conductivity,  present  a  much  more  difficult  problem  (as  the  rate  of  heat  flow  is 
faster  and  the  thermal  gradients  that  develop  are  smaller),  analytical  studies 
indicated  that  IR  techniques  should  be  applicable  to  the  thin-metallic  skin  type 


of  construction  normally  used  in  aircraft  and  missiles.  Analytical  studies  also 
showed  that  the  amount  of  heat  generated  by  an  incident  or  propagating  crack  in 
metallic  aircraft  or  missile  structures  was  not  sufficient  in  most  cases  to  create 
a  significantly  different  thermal  signature.  Therefore,  the  heat  injection  method, 
or  active  system,  was  chosen. 

The  best  infrared  detection  method  was  found  to  be  a  system  which  injected 
heat  into  a  small  area  or  spot  on  the  skin  surface  by  means  of  a  radiant  heat 
source  and  which  then  measured  the  resulting  temperature  rise  of  the  surface 
at  or  near  that  spot  with  a  radiometer.  To  facilitate  the  rapid  inspection  of  an 
aircraft  structure,  the  source  and  radiometer  spots  are  optically  scanned  in 
synchronism  over  a  10  x  10  degree  field.  Figure  10a  shows  schematically  a 
plan  view  of  a  specimen  with  a  fatigue  crack  being  scanned  by  this  technique 
and  Figure  10b  shows  the  resultant  temperature  versus  position  profile  obtained 
for  one  scan. 

By  scanning  at  constant  velocity,  each  point  on  the  surface  receives  the 
same  amount  of  energy  over  the  same  period  of  time.  Therefore,  the  rise  in 
surface  temperature  due  to  the  injected  energy  will  be  the  same  unless  some¬ 
thing  happens  to  disrupt  the  thermal  characteristics  of  the  surface,  A  fatigue 
crack  open  to  the  surface  or  near  the  surface  will  cause  just  such  a  perturbation 
of  the  thermal  characteristics.  As  the  heat  source  spot  approaches  the  fatigue 
crack,  heat  flow  away  from  the  spot  area  will  not  be  omnidirectional  -  the  crack 
represents  a  restriction  to  heat  flow.  Therefore,  the  surface  temperature  will 
rise  rapidly  as  the  heat  injection  spot  approaches  the  crack.  This  is  shown 
graphically  in  Figure  10b.  With  the  source  and  radiometer  spots  concentric 
as  shown  in  Figure  10a,  the  surface  temperature  should  theoretically  drop  back 
down  to  the  level  for  "sound"  material  when  the  heat  spot  is  centered  over  the 
crack  because  now  heat  flow  is  once  again  omnidirectional.  And  when  the  heat 
spot  is  just  to  the  right  of  the  fatigue  crack,  the  surface  temperature  rises  again 
because  heat  cannot  flow  back  through  the  crack.  This  is  shown  graphically  in 
Figure  10b,  by  the  dotted  lines.  In  practice,  this  effect  is  seldom  observed  - 
the  actual  measured  temperature  is  more  like  the  solid  line.  The  primary 
reason  for  this  is  the  resolution  of  the  heat  source  and  radiometer  spots;  they 
are  of  finite  size  and,  therefore,  some  averaging  is  achieved.  Also  high  scanning 
rates  have  a  tendency  to  "smear"  the  temperature  profile. 

It  should  be  pointed  out  that  different  effects  can  sometimes  be  achieved 
if  the  radiometer  spot  is  located  either  ahead  or  behind  the  heat  source  spot. 

The  best  location  depends  upon  scanning  speed  and  the  properties  of  the  material 
being  inspected.  By  performing  multiple  line  scans  an  area  of  the  specimen 
surface  can  be  inspected.  By  employing  a  facsimile  recorder  of  the  type  often 
used  for  ultrasonic  scanning,  a  C-scan  record  of  surface  temperature  changes 
versus  x-v  coordinates  can  be  obtained  which  will  graphically  display  the  extent 
and  location  of  fatigue  cracks. 
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This  technique  of  inspecting  an  area  with  moving  source  and  radiometer 
spots  has  been  termed  dynamic  infrared  inspection  by  Levine  and  Johnson 
Maley^^l  has  also  used  the  technique  to  inspect  thin  coatings  for  cracks  and 
bonding  defects  and  honeycomb  composites  for  bonding. 

Figure  11  illustrates  shcematically  the  significant  features  of  the  infrared 
system  for  detecting  fatigue  cracks,  and  Figure  12  shows  the  actual  system  which 
was  developed  for  the  USAF. 

Figure  13  is  a  2X  photograph  of  a  ,  090  inch  thick  aluminum  panel  with 
fatigue  cracks  emanating  from  a  3/8  inch  diameter  hole.  The  location  of  the 
source  and  radiometer  spots  and  the  direction  of  scan  are  also  shown  in 
Figure  13.  This  particular  orientation  of  the  source  and  radiometer  spots 
was  chosen  to  illustrate  several  effects  on  the  same  test  piece.  Figure  14  is 
a  2X  photograph  of  the  facsimile  recorder  output  for  this  specimen.  There 
are  several  interesting  points  to  note  in  Figure  14.  Probably  the  most  intriguing 
is  that  one  of  the  cracks  showed  up  lighter  than  "sound"  material,  and  the  other 
showed  up  darker.  This  effect  is  due  to  two  factors:  (1)  the  relative  position  of 
the  radiometer  spot  with  respect  to  the  source  spot  and  (2)  the  direction  of 
scan  relative  to  the  inclination  of  the  crack.  Referring  back  to  Figure  13,  it 
can  be  seen  that  for  the  positive  sloped  (running  from  the  third  quadrant  up  to 
the  first)  crack,  the  radiometer  spot  crossed  the  crack  ahead  of  the  source  spot. 
In  so  doing,  the  infrared  detector  "sees"  a  temperature  change  from  that  corre¬ 
sponding  to  "sound"  material  (because  the  source  spot  isn't  close  enough  to  the 
crack  to  cause  a  temperature  rise)  to  a  lower  temperature  (because  the  material 
on  the  other  side  of  the  crack  has  not  as  yet  received  any  heat).  Because  our 
i-adlome te r  electronics  performed  a  differentiation  of  the  detector  signal,  this 
change  was  detected  as  a  negative -going  change  and  thereby  printed  lighter 
than  the  "sound"  areas  did.  For  the  negative  sloped  (running  from  the  second 
quadrant  down  to  the  fourth  quadrant)  crack,  the  radiometer  and  source  spots 
cross  the  crack  at  approximately  the  same  time.  Under  this  condition,  the 
infrared  detector  "sees"  a  temperature  rise,  the  electronics  interpret  it  as  a 
po sitive —going  change,  and  the  result  is  an  indication  darker  than  that  for  sound 
material.  The  dark  area  following  the  hole  (the  white  area)  is  due  to  the  elec¬ 
tronics  being  saturated  by  a  large  positive  going  signal  at  the  top  edge  of  the 
hole.  This  same  effect  is  observed  at  the  ends  of  a  specimen.  Changes  in  the 
electronics  would  minimize  this  effect. 

Dynamic  infrared  inspection  is  capable  of  detecting  and  locating  fatigue 
cracks  in  the  metallic  skin  of  aircraft  and  missile  structures.  However,  in 
its  present  state  of  development  the  technique  is  limited  to  surface  or  near  sur¬ 
face  defects  such  as  fatigue  cracks.  In  lower  conductivity  materials,  of  course, 
the  method  will  respond  to  defects  further  below  the  surface.  In  addition,  the 
resolution  of  the  system  is  not  as  yet  maximized.  The  system  as  developed  for 
the  USAF  will  detect  surface  cracks  that  can  also  be  found  optically  with  a  little 
magnification  or  by  dye  penetrants.  Subsurface  cracks  that  can  be  found  with 


this  system  can  also  be  detected  with  eddy  currents.  Of  course,  none  of  these 
other  methods  are  consistent  with  the  requirements  of  the  Sonic  Test  Facility 
for  'vhich  this  equipment  was  developed.  However,  this  comparison  with  other 
techniques  does  illustrate  the  present  capability  of  the  technique. 

The  present  capability  is  far  from  the  ultimate  which  can  be  reached  with 
the  technique.  With  the  rapid  advances  being  made  in  gas  lasers,  the  use  of  a 
CW  laser  in  place  of  the  arc  lamp  is  an  improvement  worth  investigating.  Be¬ 
cause  of  the  laser's  inherent  high  degree  of  collimation  and  higher  energy  den¬ 
sity,  the  resolution  of  the  present  system  can  be  increased.  An  added  advantage 
of  the  laser  that  must  not  be  overlooked  is  its  capability  to  inject  heat  from  longer 
distances.  Just  imagine  the  potential  of  a  technique  which  could  inspect  a  struc¬ 
ture  for  defects  from  a  distance  of  30  feet  of  more. 

The  technique,  of  course,  has  applications  other  than  the  detection  of  sur¬ 
face  or  near  surface  fatigue  cracks  in  this  metals.  In  low  conductivity  materials, 
such  as  rubber,  plastics,  wood,  and  bonded  fibrous  materials,  its  advantages 
are  particularly  attractive  for  detecting  debonds  or  buried  voids  or  flaws.  How¬ 
ever,  with  the  rate  that  power  levels  of  gas  lasers  are  being  increased,  it  is 
also  easy  to  visualize  the  technique  becoming  useful  in  more  massive  metal 
str\u:tures  in  the  near  future.  Its  inherent  advantages  of  being  noncontacting, 
and  capable  of  permanent  and  instant  record  output  are  often  (as  was  the  case 
with  detecting  fatigue  cracks  in  a  sonic  environment)  just  what  the  engineer  or 
researcher  requires  in  a  NDT  method. 
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Figure  1  LAMB  WAVE  SPECTRUM  IN  ALUMINUM 


Figure  3  ™  lamb  WAVE  IWSPEUTIOE  SYSTEM 


b)  Perpendicular  to  the 
Direction  of  Rolling 
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Figure  7  LAMB  WAVE  RESPONSE  DUE  TO  DIRECTION, OF  ROLLING 
(.018"  Zirconium  sheet) 
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a)  Defect  free  area 


b)  Laminar  inclusion 


k  mz  10  MHz  l6  MHz 


Figure  8  LAMB  WAVE  RESPONSE  DUE  TO  PRESMCE  Oi'-  DEFECT 
( .  028"  Titaniura) 
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a)  Good  bond 


b)  Poor  bond 
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HEAT  SOURCE  SPOT 


FATIGUE  CRACK 


a.  Plan  View  of  Specimen  Being  Scanned 
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b.  Surface  Temperature  vs.  Position 

Figure  10  MOVING  HEAT  SPOT  GEOMETRY  AND 
RESULTANT  TEMPERATURE  PROFILE 
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Figure  13  2X  PHOTOGRAPH  OF  FATIGUE  CRACKS  AROUND  HOLE 


Figure  l4  2X  PHOTOGEAFH  OF  C  SCAN  RECORD 
FROM  FACSIMILE  RECORDER. 
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PART  I  -  A  COORDINATIVE  EFFORT  TO  SOLVE  INDUSTRIAL 
N.D.T.  PROBLEMS  IN  GREAT  BRITAIN 
and 

PART  II  -  A  31  MEV  BETATRON  STUDY  OF  THE  PRODUCTION 
OF  HIGH  INTEGRITY  STEEL  CASTINGS 

A .  Nemet 

Anthony  Nemet  Company 
Richmond,  Surrey,  U.  K. 


Prior  to  1955  there  were  two  Societies  exclusively  concerned 
with  non  destructive  testing  in  Great  Britain,  two  further  Societies 
which  had  main  divisions  concerned  with  this  technique  and  some 
twenty  other  larger  and  smaller  Institutions  and  Societies  with  a 
marginal  interest.  In  that  year,  the  first  International  Conference 
of  N.D.T.  was  held  in  Brussels  which  ended  in  a  resolution  to  dele¬ 
gates,  asking  them  to  take  appropriate  steps  in  their  respective 
countries  to  set  up  a  representative  body,  i.e.  a  National  Committee, 
so  that  this  single  body  should  be  empowered  to  co-ordinate  the 
national  effort  and  to  negotiate  and  handle  all  international 
matters.  As  a  result  of  this  resolution  the  British  National 
Committee  for  Non-Destructive  Testing  was  formed  in  the  summer  of 
1957»  Subsequently,  more  than  twenty  Societies  have  taken  up 
membership.  All  major  engineering  institutions  are  members. 

The  British  National  Committee  is  charged  to  promote 
discussions,  to  assist  a  co-operating  Institution  or  Society  in  the 
presentation  of  N.D.T.  papers  and  to  undertake  all  international 
matters  such  as  the  nomination  of  members  of  the  Standing  Committee 
for  International  Co-operation.  It  meets  five  times  a  year  and 
has  turned  out  to  be  a  really  active  body,  the  real  drive  coming, 
of  course,  from  the  four  Societies  intimately  concerned  with  N.D.T. 
These  are:  The  Society  of  Non  Destructive  Examination,  The  Non 
Destructive  Society  of  Great  Britain,  The  Institute  of  Physics  and 
Physical  Society  and  the  Institution  of  Engineering  Inspection. 

Apart  from  the  activities  mentioned,  the  British  National  Committee 
has  set  up  a  number  of  Panels,  such  as  the  Advisory  Panel  on  Co¬ 
operation,  the  Advisory  Panel  on  Education  and  Training,  and  the 
Working  Party  on  the  Needs  of  Industry.  I  am  particularly 
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concemed  with  this  last  named,  and  I  want  to  say  something  about 
its  origin  and  about  our  activities. 

It  was  felt  for  some  years  that  user  industries  -  and  this 
goes  for  both  steel  and  aluminium  constructors  and  foundries  - 
have  many  non  destructive  testing  problems  which  are  insufficiently 
catered  for  by  the  equipment  manufacturers.  Some  of  these  may 
well  have  been  already  solved,  or  on  the  way  to  be  solved  by  one 
of  the  many  laboratories,  research  departments  or  institutions 
somewhere  in  the  coimtry,  about  which  there  may  be  little  or  no¬ 
thing  known  to  the  indiiatiy  concerned.  The  first  Working  Party 
early  in  I963, began  by  interviewing  representatives  of  user 
industries  and  collected  a  considerable  amount  of  material  in  the 
form  of  unsolved  problems.  It  soon  became  clear  that  it  was 
necessary  to  limit  one’s  activities  in  various  directions  to  avoid 
dilution  of  work,  in  particular,  one  was  guided  by  the  following 
three  general  considerations;  Firstly,  the  problem  had  to  be  of 
interest  to  a  number  of  firms  or  industries.  Secondly,  problems 
which  were  already  well  on  the  way  towards  a  solution  somewhere 
obviously  did  not  need  to  be  considered  beyond  putting  the  user 
interested  in  contact  with  the  research  centre  concerned.  And 
thirdly,  one  had  to  avoid  fairly  basic  or  fundamental  research  in 
order  to  make  a  real  impact  on  the  problem  in  a  useful  space  of 
time.  That  is  to  say  that  the  principles  and  the  technology 
involved  had  to  be  fairly  clearly  known.  Finally,  activities 
which  were  important  in  themselves,  but  which  had  wider  implications, 
far  beyond  the  direct  interest  of  the  Woricing  Party,  were  not  con¬ 
sidered  as  they  were  progressed  by  other  bodies  already.  These 
included  Codes  of  Practice,  Standardisation,  Acceptance  Standards 
and  Education.  Direct  consultancy  seivice,  that  is  to  say,  the 
solution  of  specific,  narrower  problems  were  also  left  out. 
Eventually,  the  following  terms  of  reference  for  the  Working  Party 
have  emerged;  "The  Working  Party  has  firstly  to  decide  that  a 
problem  exists  and  it  is  a  common  one  in  industry;  secondly,  it 
has  to  assess  the  state  of  existing  knowledge;  thirdly,  to  ascer¬ 
tain  what  information  is  still  required  and  lastly,  to  review  means 
of  directing  this  information  to  the  channels  most  appropriate  to 
help  in  the  solution  of  the  problem.  " 

You  can  see  from  this  that  we  had  to  steer  a  straight  and 
narrow  path  between  going  after  too  much,  which  would  have  made  us 
ineffective,  and  between  just  talking  around  a  problem,  bearing  in 
mind  that  we  are  not  a  laboratory  and  cannot  actually  solve  the 
problem  by  direct  experiments  or  design.  We  have,  however,  collected 
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a  number  of  experts  in  the  Committee  -  we  are  now  fifteen  people  - 
who  are  sufficiantly  well  connected  in  research  and  industry  so 
that  one  can  say  that ,  after  the  problem  had  been  thorou^ly 
thrashed  out  by  the  Working  Party,  one  had  a  pretty  good  idea  who 
w%s  working  on  a  similar  sort  of  task,  how  far  he  had  got,  and  what 
he  should  do  to  solve  the  problem  in  question.  Moreover,  we  can 
bring  some  gentle  propaganda  to  bear  on  the  people  of  the  Laboratory 
or  Research  Association  concerned  and  encoiirage  them  to  take  up 
contact  with  the  industry  interested  and  perhaps  shape  their  work 
accordingly.  This  we  do  by  various  means,  depending  on  the  case. 

We  either  invite  people  to  our  meetings  who  have  the  problem 
together  with  representatives  of  laboratories  who  do  such  work,  or 
we  ask  one  of  our  members  to  call  a  specific  meeting  of  invited 
representatives  of  industry  and  laboratories  to  discuss  the  ques¬ 
tion  thoro^lghly. 

In  some  cases,  we  have  felt  that, in  spite  of  all  the  N.L.T. 
activity  going  on  in  the  country, there  was  a  need  for  a  specific 
National  Laboratory  to  investigate  problems  which  are  capable  of 
solution  by  direct  research,  not  otherwise  catered  for  and  to 
undertake  longer  term  N.D.T.  research.  Over  a  year  ago,  therefore, 
the  British  National  Committee  have  entrusted  our  Working  Party  to 
formulate  the  need  for  a  British  National  Laboratory  for  Non 
Destructive  Testing  and  I  am  glad  to  say  that,  after  about  a  year's 
consideration,  the  Government  agreed  to  this  suggestion,  throu^ 
its  Minister  of  Technology.  It  has  now  authorised  the  United 
Kingdom  Atomic  Energy  Establishment  at  Harwell  to  widen  the  terms 
of  reference  of  its  Non  Destructive  Testing  Laboratory  to  become  a 
National  Centre  for  H,D.T»  I  am  very  pleased  to  say  that  the 

head  of  this  laboratory,  Mr.E.S. Sharpe,  is  with  us  and  is  contributing 
a  paper  to  this  Conference. 

After  all  this  you  may  want  to  hear  about  some  of  the  concrete 
problems  with  which  we  are  concerned  at  the  moment  and  what  we  are 
doing  about  them. 

Well,  there  is  the  problem  of  speeding  up  ultrasonic  scanning 
examination  of  large  metal  siarfaces.  Mr.F.Bareham  of  Aluminum 
Laboratories  Ltd.  organised  a  one  day  meeting  on  the  speed  of  ultra¬ 
sonic  scanning.  The  Proceedings  of  this  are  being  evaluated  at  the 
moment.  Secondly,  the  field  distribution  of  ultrasonic  waves  in 
various  materials  is  being  studied  by  the  new  National  N.D.T.  Centre 
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Thirdly,  X-ray  fliiroscopy  of  thick  materials  with  a  betatron  and 
an  image  Intensifier  has  been  reported  by  Mr.R.Halmshaw  -  who  is 
also  with  us  at  this  Conference  -  and  work  has  been  put  in  hand 
as  a  result  of  this  to  develop  screens  which  are  more  efficient 
for  high  energy  X-radiation. 

Further,  the  coupling  of  ultrasonic  probes  to  hot  surfaces 
has  occupied  the  Working  Party  for  a  considerable  time.  This 
problem  has  come  to  us  through  the  Oil  Companies '  Materials 
Association  who  are  concerned  with  on-line  testing  of  pipe  welds, 
and  corrosion  testing  of  welds  and  pressure  vessels.  This  problem 
can  be  conveniently  split  into  two,  that  is  to  say  up  to  about 
600°C  which  is  of  interest  to  oil  companies,  power  generating 
plants,  etc.  and  from  600  to  about  1100-1200°C  which  is  of  interest 
to  steelmakers.  We  found  that  there  is  a  great  deal  of  interest 
in  this  particular  problem,  but  little  work  has  actually  been  done. 

We  found  some  U.S.,  some  Japanese^)  work,  some  work  originating 
from  the  French  Iron  and  Steel  Research  Establishment'^'',  some  work 
in  our  own  countiy  carried  out  by  the  United  Steel  Companies 
After  some  deliberations  we  decided  to  hold  a  one-day  symposium, 
and  this  took  place  on  the  18th  April.  One  of  the  difficulties 
was  to  limit  the  audience  to  such  people  who  can  actively  contribute 
in  the  discussion  from  first  hand  experience,  and  who  have  direct 
interest  in  the  problem,  as  the  general  interest  is  very  wide. 

Here  again  the  proceedings  are  being  evaluated  and,  although  there 
was  a  certain  amoTint  of  reticence  -  due  to  commercial  secrecy  -  of 
revealing  experimental  data,  wo  feel  that  an  open  symposium  helped 
all  concerned  in  progressing  towards  the  solution.  The  proceedings 
will  be  published,  probably  as  separate  papers. 

A  further  problem  is  concerned  with  the  examination  of 
adhesive  bonds  between  metals  and  non-metals.  Eventually  it  was 
agreed  that  this  could  be  part  of  a  general  conference  on  this  sub¬ 
ject  which  was  held  in  the  City  Ihiiversity  in  London  on  the  5th  and 
6th  April  entitled  "Fifth  Annual  Conference  on  Adhesion  and  Adhesives", 
The  proceedings  are  to  be  published  by  University  of  Ixjndon  Press, 

Another  problem  concerns  the  difficulties  in  ultrasonic 
examination  of  large  grain  columnar  materials.  This  is  a  fundamental 
long  term  one  and  it  will  be  attacked,  we  hope,  in  the  new  National 
Centre  and  perhaps  also  by  the  British  Steel  Castings  Research 
Association. 

Another  problem  brought  to  us  is  the  detection  and  assessment 
of  corrosion  pitting.  This  is  the  concern  of  the  oil  companies 
and  also  of  aircraft  mantifacturers.  We  have  our  teeth  in  this 
problem.  We  cannot  say  that  we  have  chewed  it  yet.  One  of  our 
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members  has  bean  entrusted  with  the  organization  of  a  conference 
on  magnetic  SQb>Btirface  defect  detection.  This  relieved  sereral 
methods  such  as  magnetic  crack  detection  and  magnetograph7. 

They  issued  a  preliminary  report  and  the  work  will  have  to  bo 
further  progressed. 

We  held  a  one-day  conference  last  November  on  : "Correlation 
of  Tests,  Defects  and  Service  life."  This  we  did  because  It  was 
felt  In  the  National  Committee  that  Insufficient  work  was  being 
done  to  follow  up  service  experience  on  engineering  parts  which 
have  failed  after  a  known  lifetime. 

Ve  were  groping  a  little  wildly  through  this  difficult 
problem  as  we  knew  that  many  a  tough  conference  had  been  held  tinder 
the  name  "Significance  of  Defects"  and  we  did  not  want  to  mix  up 
this  subject  with  Coz*relation  of  Defects  and  Service  Life. 

We  invited  a  number  of  people  fran  the  aircraft  industry 
and  from  the  Industries  concerned  with  steel,  and  research  In 
welding.  An  outstanding  paper  was  delivered  by  Mr.A. J.Tr ought on^) 
of  Hawker  Slddeley  Aviation  who  discussed  the  philosophy  of  safe 
limit  and  fall-safe  design.  He  showed  how  a  load-probability 
curve  leads  to  a  crack-propagation/operating-time  curve  and  so  to 
a  prediction  of  useful  life.  He  gave  an  analysis  of  the  main 
causes  of  failure  in  aircraft,  based  on  analysing  52  different 
case  histories.  Eleven  failures  were  due  to  the  flight  conditions 
being  different  from  those  assumed  in  the  design,  eighteen  due  to 
the  test  loading  not  being  representative  of  those  arising  in 
practice  and  nine  occurred  because  the  test  specimens  used  In 
laboratory  work  were  not  representative  of  the  material  under  test. 
Most  failures  were  due  to  bad  detail  design.  There  was  little 
evidence  of  poor  manufacture  or  faulty  material  being  significant. 
Aircraft  generally  did  better  than  test  life  predictions. 

To  follow  up  this  meeting,  the  Society  of  Non-Destructive 
Examination  will  hold  Its  Summer  Meeting  in  July  this  year  in 
Durham,  England,  on  the  same  subject. 

Mr.Newman  and  Mr.Toung  of  the  British  Welding  Research 
Association  discussed  the  significance  of  defects  in  welds,  based 
on  work  carried  out  on  a  magnesium  bearing  aluminum  alloy  and  on 
pure  aluminum.  They  pointed  out  that  Commission  13  of  the  I.I.V. 
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already  collected  and  published  case  histories  and  Commission  9 
did  similar  work  on  brittle  failures.  One  of  the  difficulties  in 
collecting  and  publishing  case  histories  was  due  to  commercial 
secfecy  and  the  authors  themselves  were  bound  to  keep  a  considerable 
proportion  of  the  data  collected  by  their  member  companies  confidential. 

In  the  discussion  most  speakers  agreed  that  design  factors 
were  the  prime  cause  of  failures  in  practice,  but  that  the  influence 
of  defects  could  not  be  neglected.  Several  speakers  doubted  if 
it  were  possible  to  generalise  particularly  as,  in  most  cases, 
conditions  of  service  were  not  known  in  detail  nor  were  the  design 
safety  factors.  In  other  words,  general  standards  of  acceptance 
are  not  possible  but  must  be  specific  to  the  individual  components. 

It  was  doubted  by  many  speakers  whether  case  histories  of  old 
components  withdrawn  from  service  would  help  much  in  the  assessment 
on  new  stores,  made  in  new  materials  and  usually  designed  for 
hi^er  performances. 

In  spite  of  these  reservations  many  speakers  suggested  that 
an  attempt  should  be  made  to  collect  case  histories  of  failures, 
and  the  two  special  fields  where  this  may  be  initiated  were  steel 
castings  and  the  study  of  British  Welding  Research  Association  and 
I.I.W.  failure  reports.  It  was  also  suggested  that  the  data  could 
be  supplied  in  a  general  manner  on  data  cards  and  that  this  mi^t 
overcome  the  problem  of  commercial  secrecy.  Much  testing  could 
be  done  on  plant  coming  out  of  service  and  a  Government  Department 
might  be  persuaded  to  do  some  of  this  woiic,  acting  as  an  impartial 
body.  The  reports  published  by  the  British  Engine  Boiler  and 
Electrical  Insurance  Co were  cited  as  examples  of  the  way  in  which 
this  information  might  be  presented.  Other  suggestions  were  made 
to  the  effect  that  defective  materials  should  be  introduced  into 
service  and  monitored  non  destructively  throughout  their  life.  It 
was  generally  felt  that  Mr.Troughton's  paper,  though  not  directly 
applicable  to  other  industries,  nevertheless  represented  an 
excellent  yardstick  in  the  statistical  and  logical  examination  of 
designs  with  the  aid  of  case  histories  and  this  symposium, by 
producing  this  paper  and  the  associated  discussion,  has  helped  in 
clearing  the  air  on  this  subject. 
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For  the  next  part  of  my  paper  I  am  indebted  to  P.H. Lloyd 
&  Co. Ltd.  of  Wednesbury,  Staffordshire,  which  I  believe  is  the 
largest  steel  foxmdry  in  Britain.  They  are  using  many  types  of 
non-deatmctive  testing  equipment  and  have  installed  a  31  MeV  bet¬ 
atron®'"'),  made  by  the  Swiss  Brown  Boveri  Co.  about  three  years 
ago.  The  Betatron  contributed  substantially,  not  in  kind,  but 
in  order  of  magnitude  to  the  knowledge  of  this  foundry  about 
casting  techniques,  and  has  had  a  direct  influence  on  the 
acceptance  standards  of  high  integrity  castings,  such  as  steam 
turbine  components  and  other  pressure  vessels. 

It  is  true  to  say  that  K.B.T.  has  had  a  profound  influence 
on  the  quality  of  high  integrity  steel  castings  and  all  phases 
of  their  manufacture. 

The  reason  of  defects  in  caistings  is,  of  course,  well- 
known,  i.e.  the  volume  shrinkage  amounting  to  nearly  10^ 
between  the  molten  metal  and  the  solid  casting.  This  shrinkage 
causes  porosity  and  voids  of  various  kinds  which  are  often 
*  difficult  to  avoid. 

It  is  clear  that  Joint  consultation  between  the  designers 
^  of  these  castings,  and  the  foxmdry,  and  also  with  the  eventual 

user,  e.g.  the  Power  Generating  Authority,  is  necessary  at  many 
stages  throu^out  the  design  and  maniifacture,  and  it  is  most 
desirable  that  these  consultations  should  begin  well  before  the 
orders  are  placed.  Information  on  similar  components,  derived 
from  non-destructive  testing,  particularly  from  radiographs 
obtained  with  the  betatron,  is  made  available  to  all  parties 
during  these  discussions  and  helps  to  shape  design  policy  aiui 
standards.  It  is  well-known  that  massive  sections,  away  from 
feeder  heads,  are  undesirable  as  they  produce  hot  spots  which 
cannot  be  refilled  with  molten  metal  and  therefore  lead  to  voids. 
Where  there  is  an  abrupt  change  of  section,  adequate  fillet 
radius  influences  the  stress  concentration  daring  solidification. 
The  optimum  fillet  radius,  i.e.  a  compromise  between  stress 
concentration  and  excess  metal,  which  may  lead  to  voids,  is  about 
three  quarters  of  the  wall  thickness  of  the  smaller  member. 

.  This  can  be  verified  by  radiographic  tests. 

Ultrasonic  examination,  supported  by  betatron  radiography, 

.  leads  to  much  usefxil  information  with  regard  to  pattern  making. 

For  instance,  hand  made  patterns  often  show  the  so-called  heel 
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effect,  that  is  to  say,  thickening  of  metal  in  curvatures.  The 
reason  is  simple;  the  pattern  maker,  in  wishing  to  avoid  reduction 
of  metal  thickness,  often  has  no  ready  means  of  checking  the 
pattern  thickness  and  exceeds  it.  It  has  been  shown  that  in  auch 
heel  positions,  due  to  a  relatively  small  quantity  of  excess  metal, 
voids  are  produced  which  can  be  shown  up  ultrasonically,  but  even 
more  clearly  with  betatron  radiography.  As  a  result,  some  pressure 
is  being  brought  to  bear  on  designers  to  avoid  shapes  which  cannot 
be  generated,  i.e.  which  have  no  axial  symmetry.  In  this  way, 
uniformity  of  wall  thickness  and  uniform  change  of  wall  thickness 
can  be  ensured  with  the  resulting  improvement  in  casting  quality. 
External  chills  are  also  well  known,  and  they  can  be  employed  where 
large  sections  cannot  be  avoided.  Thus  foundry  techniques  are 
constantly  being  improved.  Figure  1  shows  the  betatron  room  which 
is  100  ft.  long  by  36  ft.  wide  by  35  ft.  high.  Road  and  rail 
access  is  through  an  18  ft.  wide  concrete  sliding  door,  weighing 
about  34  tons.  The  crane  handles  I5  ton  castings;  heavier 
castings  are  handled  on  a  special  rail  vehicle.  To  obtain  economy 
in  radiation  protection  of  the  building,  it  was  found  necessary  to 
limit  the  betatron  movement  to  180®  swing  and  90®  tilt  with  some 
restriction  of  the  long  travel;  this  means  that  neither  the  door 
area  nor  the  corridor  leading  to  the  control  room  can  be  irradiated. 

The  casting  seen  is  on  a  20  ft.  turntable  of  50  ton  capacity  and 
most  of  the  work  is  carried  out  within  the  area  of  the  turntable. 

This  component,  a  stop  throttle  valve  assembly  for  a  5OO  megawatt 
generating  set,  comprises  castings  welded  together.  Figure  2 
shows  an  intermediate  pressure  outer  case  designed  by  one  of  the 
British  turbine  designers  and  Figure  3  another,  similar,  outer  case 
by  another  turbine  designer.  Figure  4  shows  the  pipe  leading  from 
the  turbine  case  of  Figure  3,  marked  off  for  evaluation  of  defect 
size  by  ultrasonic  inspection. 

For  the  study  of  the  problem  arising  from  the  design  of  the 
junction  of  the  pipe  leading  from  this  turbine  outer  case.  Figure  5 
shows  wooden  slats  made  to  correspond  exactly  to  the  cross  section 
of  the  pipe  junction  shown  on  Figures  3  and  4.  The  heel  effect 
mentioned  earlier  is  clearly  seen  together  with  the  centre-line 
shrinkage  void  found  in  this  region.  Figure  6  again  shows  the 
heel  effect  of  a  non- symmetrical  pattern  with  the  resulting 
shrinkage  void.  Figure  7  shows  two  pipe  junction  designs  of  a 
pressure  vessel,  of  which  one  can  be  generated,  that  is,  the  symmetrical 
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one  aroimd  the  strai^t  axis,  and  another  which  cannot  he  generated 
and  should  be  avoided. 

Figure  8  shows  two  radiographs  of  a  aarine  valve  body,  and 
is  an  example  of  the  difference  in  appearance  and  quality  between 
a  betatron  radiograph  on  the  ri^t  and  a  Cobalt  60  radiograph  on 
the  left.  Due  to  the  small  amount  of  forward  scatter  of  the 
betatron  the  contrast  is  higher  and  the  technique  lends  itself 
for  testing  widely  varying  eaross  sections.  Figure  9  shows  two 
betatron  radiographs  of  a  steam  valve  chest  section.  The  void 
seen  on  the  right  hand  radiograph  disappeared  due  to  re-design 
of  the  component  by  removing  excess  metal  and  thus  a  hotspot. 

Figure  10  is  a  header  canting  with  a  4-8  in.  wall.  This  component 
used  to  be  produced  by  forging,  but  due  to  improved  foundry  technique 
it  is  found  more  economical  to  design  it  for  casting.  It  can  be 
produced  practically  without  a  defect. 

Finally,  I  want  to  say  something  about  the  controversial 
subject  of  acceptance  standards  for  hi^  integrity  castings. 

The  simplest  statement  one  can  make  is,  of  coxirse,  that,  idei|lly, 
castings  of  this  type  should  be  completely  free  from  any  voids 
whatsoever  and,  theoretically,  as  far  as  I  am  informed,  the 
American  A.S.T.M.  71  Specification  for  grade  2  pressure  vessels 
implies  this  sort  of  extreme  requirement  without  saying  it 
outright.  Radiographs  attached  to  this  specification  show  little 
or  no  flaws  of  any  kind.  Now,  whenever  such  extreme  requirements 
are  demanded  by  an  Authority,  which  are  very  difficult,  if  not 
impossible  to  fulfil  in  practice,  very  often  compromise  solutions, 
dictated  by  common  sense  and  design  experience,  are  arrived  at. 

This,  however,  is  only  another  way  of  saying  that  not  enough  information 
was  available  when  drawing  up  the  acceptance  stsuidards,  for  instance, 
no  account  is  taken  of  defect  position  in  these  standards.  The 
British  specification  relating  to  turbine  castings  is  somewhat  more 
generous  and  more  positive.  It  distinguishes  between  acceptable 
defects  and  non-acceptable  defects.  Acceptable  defects  are  such 
which  are  of  the  rounded  type,  which  will  not  interfere  with 
machining.  Further,  porosity  is  acceptable,  provided  that  it  is 
not  likely  to  cause  a  leakage  path  and  finally  a  sli^t  central 
line  shrinkage  is  also  accepted.  You  will  notice  that  'slight' 
is  used,  which  is  not  a  very  accurate  term.  Non-acceptable  defects 
are  ragged  defects  from  which  cracks  are  likely  to  propagate  during 
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thermal  cycling.  Further,  defects  which  reduce  the  effective 
thickness  of  the  wall  beyond  the  permissible  stress  limits  are 
not  acceptable.  Cracks  are  never  acceptable.  Gross  shrinkage 
is  not  acceptable.  You  will  notice  that  the  word  'gross*  is 
again  not  veiy  accurate.  And,  finally,  through-porosity  is  not 
acceptable  as  it  can  lead  to  leakage. 

Figure  11  shows  a  more  recent  approach  which  is  finding 
its  way  into  JJritish  acceptance  specifications  and  aims  at 
eliminating  the  vagueness  of  the  terms  mentioned.  In  the 
massive  T-junction  shown  in  Figure  11,  referring  to  the  upper 
part  of  the  figure,  the  inscribed  circle  is  taken  as  a  measure 
of  the  junction  volume,  the  dimension  vertical  to  the  plane 
of  the  figure  is  assumed  as  large  compared  with  the  diameter  - 
and  the  small  circle  in  the  centre  is,  in  this  example,  20^ 
of  the  diameter  of  the  inscribed  circle.  The  three  legs  of 
the  voids  are  also  shown  to  be  20?^  of  the  thickness  of  the  legs 
of  the  casting.  In  the  lower  part  of  the  figure  the  inscribed 
circle  is  the  same,  the  T-junction  is  the  s^e  but  the  small 
circle  as  well  as  the  width  of  the  voids  shown  are  times  as 
large  as  in  the  upper  part  of  the  figure,  i.e.  30^  of  the  diameter 
of  the  inscribed  circle  and  30^  of  the  width  of  the  casting  legs 
respectively. 

It  is  suggested  that  a  reasonable  acceptance  standard 
for  many  high  integrity  components  would  be  maximum  tolerable 
defect  size  of  20^^  of  the  diameter  of  the  inscribed  circle, 
situated  anywhere  within  the  larger  circle  shown  in  Figure  11, below, 
which  has  305^  of  the  diameter  of  the  inscribed  circle.  The 
actual  figures  may  vary  from  component  to  component. 

Figure  12  shows  defects  occuring  outside  these  limits. 

These  would  have  to  be  submitted  to  the  Inspection  Authority  for 
a  decision  regarding  acceptance  or  rectification. 

Here  are,  thus  some  quantitative  suggestions  which  are  now 
being  very  closely  considered  in  Great  Britain  by  designers,  users 
and  the  foundry  and  which  are  finding  their  way  into  acceptance 
standards  for  high  integrity  castings.  This  would  have  been  very 
difficult,  if  not  impossible,  without  such  radiographic  quality  as 
obtainable  from  the  betatron. 
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Intermediate  Pressure  Steam  Turbine  Casing 
for  500  MeV  Generator  Set  (A.E.I.  Ltd.) 


Figure  4.  Pipe  Connection  to  I.  P.  Turbine  Casing 
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Figure  5.  Wooden  Cross-Section  Model  Slats  of  Pipe 
Connection  to  I.  P.  Turbine  Casing 


SECTION  DEVIATIONS  ON  HP  OUTER  CYLINDER 


By  Cobalt 
Figure 


60  By  Betatron 

.  Radiographs  of  a  Marine  Valve  Body 
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30%  Boundaries  within  which  Shrinkage  Porosity 
Must  be  Contained 


Figure  11.  ”20/30”  System"  of  Acceptance  Standard 
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Acceptable  without  Submission 


Unacceptable  without  Submission 


Figure  12.  Shrinkage  Defect  and  Tolerable  Shrinkage  Position 

Envelop 


EFFECTS  OF  MECHANICAL  PROPEFTIES  ON  THE 
VELOCITY  OF  ULTRASONIC  WAVES 


E.  W.  Kammer 

Naval  Research  Laboratory 
Washington  D.  C. 

The  initial  motivation  for  the  work  described  in  this  presentation  was;  to 
study  the  feasibility  of  using  ultrasonic  waves  to  detect  and  measure  residual 
stresses.  These  stresses  originate  in  many  ways,  being  commonly  "built-into 
structures  such  as  ship  and  submarine  hulls,  by  the  welding  fabrication-sequence. 
Individual  members,  namely;  plates,  beams,  and  castings,  may  themselves  be  intern¬ 
ally  stressed  as  a  result  of  rolling,  heat  treatment  or  inhomogeneity.  Since  the 
stressed  member  or  structure  is  in  static  equilibrium  the  internal  force  pattern 
is  not  easy  to  evaluate  by  a  nondestructive  test.  Furthermore  this  situation  can 
seriously  limit  the  load  carrying  capacity  of  a  structure  and  hence  means  for 
detecting  and  measuring  them  are  being  sought. 

Near-surface  stress  conditions  have  been  successfully  measured  by  hole  drill¬ 
ing  or  trepanning  methods,  the  edges  of  the  excavated  region  being  displaced  by 
relaxation  if  a  sufficiently  large  stress  is  present.  Even  though  the  amount  of 
material  removed  is  small  this  technique  cannot  strictly  be  termed  nondestructive. 
X-ray  measurement  of  average  lattice  parameter  distortion  has  also  proved  useful 
but  again  yields  information  about  the  material  near  the  surface. 

Recent  experimental  results  with  ultrasonic  waves  offer  no  grounds  for  opti¬ 
mism  that  their  practical  application  to  this  problem  will  mature  in  the  immediate 
future.  This  is  xuifortunate  because  ultrasonics  seemed  to  have  certain  initially 
attractive  advantages,  namely;  it  is  truly  nondestructive  and  it  could  probe  into 
thick  sections  of  material.  These  waves,  particularly  the  shear  modes,  when  tra¬ 
versing  a  uniformly  stressed  medium,  experience  a  small  change  in  velocity.  If 
the  velocity  is  known  for  the  unstressed  state  of  the  same  medium,  some  information 
can  be  inferred  as  to  the  state  of  stress.  Since  the  change  in  velocity  with  stress 
is  small,  considerable  instrumental  difficulty  arises  when  practical  applications 
of  this  phenomenon  are  attempted.  In  most  situations,  sufficiently  precise  prior 
knowledge  of  the  velocity  in  the  identical  unstressed  mediimi  is  not  available. 

Other  factors,  such  as  preferred  orientation,  temperature  change,  composition  non¬ 
uniformity,  to  mention  a  few,  confuse  the  interpretation  of  a  single  absolute  velo¬ 
city  measurement  intended  to  detect  stress.  Figure  1  illustrates  some  typical 
changes  in  transit  time  through  a  1-in.  thickness  of  sample  observed  for  several 
structural  aluminum  alloys  and  a  low  carbon  steel.  The  change  in  transit  time  is 
nearly  a  linear  function  of  uniaxial  tensile  stress  applied  normal  to  the  direction 
of  wave  propagation.  These  data  concern  simple  shear  modes  only.  Two  orientations 
of  the  vibration  plane  are  considered,  namely  parallel  or  perpendicular  to  the 
stress  field,  plotted  above  or  below  the  axis  respectively. 

Although  the  velocity  of  shear  waves  is  indeed  slightly  affected  by  stresses 
in  the  medium  traversed,  as  shown  in  the  figures,  other  uncontrollable  factors  are 
considerably  more  influential  and  make  the  interpretation  of  a  single  velocity^ 
determination  ambiguous.  For  example;  preferred  orientation  normally  present  in 
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commercially  produced  steel,  could  influence  the  change  in  transit  time  shown  in 
Fig.  1  by  factors  of  3  or  !+  times  the  magnitude  shown  for  a  25,000  psi  stress. 
Furthermore,  the  condition  of  uniform  tensile  or  compressive  stress  examined  in 
Fig.  1  does  not  prevail  in  the  residually  stressed  material.  Along  a  particular 
ultrasonic  beam  path  through  this  latter  mediiim,  adjacent  regions  of  compression 
and  tension  are  traversed.  For  example,  the  Sf/  polarized  shear  wave  packet  would 
increase  in  velocity  while  crossing  a  section  in  compression  and  slow  down  in  the 
section  under  tension.  The  net  change  in  velocity  observed  externally  could  be 
zero ! 


Partially  compensating  these  negative  conclusions,  much  has  been  learned  of 
value  to  the  ultrasonic  art.  These  positive  results  will  be  helpful  in  guiding 
any  future  work  on  the  detection  of  residual  stress,  which  to  be  successful,  must 
meet  many  exacting  conditions  not  fully  appreciated  nor  explicitly  stated  in  pre¬ 
vious  contractual  studies.  One  such  condition  concerns  the  magnetic-elastic  coup¬ 
ling  effects,  displayed  in  Fig.  2,  when  the  stressed  medium  is  ferromagnetic.  In 
this  example  H!f-80  steel  is  the  specimen  material.  The  change  in  transit  time  over 
a  1-in.  path  length  is  plotted  against  uniaxial  tensile  stress.  The  letters  L  or  S 
designate  data  for  longitudinal  or  shear  modes,  respectively,  and  the  subscripts  or 
superscripts  are  intended  to  indicate  the  experimental  conditions.  For  example, 

Sj.  signifies  that  the  polarization  of  the  shear  wave  (s)  was  normal  (I)  to  the 
stress  and  that  the  magnetic  field  was  parallel  (//)  to  the  sonic  beam  path.  The 
plots  relating  to  the  unmagnetized  state  have  superscript  zeroes. 

Figure  2  shows  that  each  mode  behaves  differently  under  the  influence  of  the 
magnetic  field.  They  have  only  one  characteristic  in  common;  namely,  increase  in 
velocity.  In  general,  the  longitudinal  mode,  L-^  ,  changes  the  least  and  shear 
mode  is  displaced  the  most  for  the  materials  examined  at  this  time.  The  relative 
positions  of  the  other  modes  follow  no  simple  pattern.  These  displacements  on  a 
transit  time  chart  for  steels  like  A212B  or  cold  rolled  types  are  about  double  the 
values  shown  for  Hf-SO. 

The  data  displayed  in  Fig.  2  were  taken  under  conditions  of  a  constant  flux 
density.  It  is  of  interest  to  know  how  the  displacem-ent  toward  shorter  transit 
times  (or  higher  velocities)  varies  with  changes  in  this  magnetic  state.  A  typical 
example  is  the  S-^  mode  in  A212B  steel  at  zero  tensile  stress.  This  is  shown  in 
Fig.  3  where  the  data  have  been  plotted  below  the  horizontal  axis  to  be  consistent 
with  Fig.  2.  Transit  time  decreases  for  either  direction  of  the  magnetic  flux. 

Above  the  flux  density  of  about  8000  gauss  a  marked  enhancement  of  transmitted 
signal  occurs.  This  can  be  attributed  to  the  immobilization  of  the  domain  bound¬ 
aries  and  the  attendant  reduction  in  eddy  cvirrent  energy  losses  supplied  by  the 
ultrasonic  vibrations. 

Instead  of  presenting  the  effects  of  stress  on  the  ultrasonic  waves  as  a  change 
in  transit  time  over  a  unit  path  length,  it  is  sometimes  preferred  to  compute  a 
velocity  ratio  defined  as  follows: 


V  ’ 

in  which  the  symbols  and  stand  for  the  shear  wave  velocity  when  polarized  para¬ 
llel  and  perpendicular  to  a  stress  field  of  equal  magnitude  respectively.  The  term 
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V  without  superscript  corresponds  to  the  shear  velocity  in  the  unstressed  medium. 
In  aji  isotropic  polycrystalline  material  considered  here,  Vg  would  he  the  same  for 
both  polarizations.  A  similar  velocity  ratio  is  used  in  the  science  of  optics  and 
termed  "birefringence."  Although  not  necessarily  a  stress  related  quantity  in 
optics,  the  term  has  gained  general  acceptance  in  the  art  of  ultrasonics  as  defined 
above . 

In  Fig.  ^  the  measurements  of  for  several  metals  are  plotted  as  a  function 
of  their  foung's  mod\ilus.  The  trend  exhibited  suggests  that  a  nearly  linear  rela¬ 
tionship  exists  between  the  sonic  birefringence  coefficient  and  the  simple  tensile 
modulus.  For  this  limited  range  of  investigation  the  sonic  velocity  sensitivity  to 
a  given  stress  is  greatest  in  the  metals  having  the  smallest  foung's  modulus.  This 
could  also  be  stated  in  terms  of  the  inverse  parameter,  the  lattice  distortion,  but 
its  usefulness  empirically  favors  the  elastic  constant  as  an  independent  variable. 
The  modulus  range  recorded  here  covers  most  materials  commonly  used  for  structural 
purposes.  Perhaps  with  this  chart,  when  fully  developed,  one  may  be  able  to  pre¬ 
dict  the  sonic  birefringence  for  any  other  material  within  this  range  if  the 
modulus  is  known. 

A  more  general  way  of  classifying  materials  than  that  shown  in  Fig.  !+  would 
be  by  ordering  them  according  to  their  higher  order  elastic  constants.  The 
allotted  space  for  this  presentation  does  not  permit  inclusion  of  some  results  in 
this  study  field.  It  can  also  be  appreciatjg  that  to  obtain  data,  such  as  transit 
times,  which  have  significant  change  of  10  second  as  quoted  in  the  Figures  im¬ 
plies  fascinating  advances  in  the  art  of  ultrasonic  measurements.  Discussion  of 
these  also  must  be  postponed  for  another  day  except  perhaps  to  mention  that  true 
transit  times  can  only  be  determined  by  taking  into  account  the  presence  of  the 
transducer  also.  This  is  particularly  important  when  dealing  with  materials 
having  acoustic  impedances  nearly  the  same  as  that  for  the  piezoelectric  element 
used  in  the  transducers.  In  a  recent  "round-robin"  interlaboratory  "high  preci¬ 
sion"  comparison  of  transit  time  meas\irements  on  the  same  silica  block  using 
quartz  transducers  the  agreement  between  nine  independent  participants  on  the 
transit  time  was  within  0.3%  whereas  it  was  possible  to  show  with  a  recently  de¬ 
vised  data  processing  scheme  that  the  extrapolated  value  of  the  transit  time  for 
a  mass-less  transducer  was  being  overshot  by  3%l 

In  siammary  then  it  must  be  concluded  that  the  practical  measurement  of  resid¬ 
ual  stress  by  ultrasonic  means  is  not  yet  possible,  but  much  has  been  learned  of 
value  to  the  ultrasonic  art,  and  the  experience  will  be  helpful  in  guiding  all 
future  work.  The  cases  studied  here,  which  have  a  simple  orthogonality  between 
stress,  magnetic  fields  and  ultrasonic  beam  paths,  rarely  will  be  expected  to 
occur  in  a  practical  problem,  fet  these  elementary  configurations  have  fixed 
typical  bounds  for  possible  errors  in  transit-time  determinations.  They  make 
ab\mdantly  evident  the  sobering  complexity  with  which  it  is  necessary  to  cope 
before  the  effects  of  residual  stress  on  ultrasonic  waves  can  be  meaningfully 
interpreted. 


CHANGE  IN  TRANSIT  TIME  (SEC/IN. XIO 


Effect  of  Stress  and  Magnetic  Flux  on  Transit 
Time  in  HY-SO  Steel 
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MAGNETIC  FLUX  DENSITY  (GAUSS  X  10^) 


Figure  3.  Effect  of  Magnetic  Flux  on 
Transit  Time  in  A212B  Steel 
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Figure  4.  Ultrasonic  Birefringence,  — ,  as  a  Function  of  Young's 
Modulus  under  Conditions  of  Equal  Stress  (2000  psi) 


CONFERENCE  SUMMARY 


F.  H.  Edwards 

Bragg  Laboratory,  Sheffield,  England 


I  understand  it  is  your  practice,  at  this  late  stage  of 
a  meeting,  for  someone  to  summarize  or  briefly  highlight,  each 
of  the  papers  which  have  been  presented.  This  in  fact  was  my 
task , 


However,  I  am  sure  quite  a  number  of  you  would  prefer  to 
be  off  on  their  journeys  and  there  is  indeed  a  party,  including 
myself,  eager  to  take  the  opportunity  of  visiting  Cape  Kennedy 
and  still  to  keep  faith  with  their  flight  reservations  in  the 
late  afternoon.  So  I  would  ask  you  to  excuse  my  failure  to 
complete  this  assignment  in  the  conventional  manner  and  accept 
a  few  remarks  as  an  alternative.  If  anyone  is  dissatisfied, 
then  please  blame  another  of  these  "bloody"  Englishmen. 

I  think  you  will  agree  that  this  has  been  a  most  success¬ 
ful  conference  in  spite  of  the  difficulties  which  apparently 
preceded  it  and  which  left  us  wondering  "on  the  other  side". 

Although  it  was  impossible  to  have  the  written  papers  in 
time  for  the  meeting,  the  conference  program  provided  abstracts 
of  each  paper  furnished,  I  believe,  by  the  authors  themselves. 
So  I  am  sure  they  have  highlighted  their  own  subject  rather 
far  better  than  I  could  do  in  the  few  minutes  at  my  disposal. 

However,  the  program  under  its  title,  "Correlation  of 
Material  Characteristics  With  Material  Performance"  has  pro¬ 
vided  us  with  24  papers,  greatly  varying  in  subject  matter 
and  content.  In  fact  its  diversity  illustrates,  I  think,  the 
perpetual  dilemna  which  faces  Panel  4  in  its  endeavor  to  cover 
the  whole  vast  field  of  testing  and  its  special  assignment 
with  respect  to  nondestructive  methods. 

Clearly,  the  symposium  has  brought  together  those  who  have 
been  trained  in  many  different  disciplines  or  backgrounds  who 
have  shed  refreshing  new  thoughts  upon  commonly  accepted  sub¬ 
ject  matter.  Obviously,  there  has  been  a  preponderance  of 
papers  concerned  with  metals  but  we  welcome  those  others  which 
remind  us  that  engineering  materials  are  also  concerned  with 
non-metallics  of  which  rubber,  cement,  plastics  and  graphite 
are  typical. 

Now,  no  conference  worthy  of  the  name  gets  by  without  an 
element  of  controversy.  The  present  meeting  has  indeed  been 
stimulated  by  several  speakers  who  have  protested  strongly 
that  NDT,  as  an  inspection  tool,  tends  at  times  to  be  over¬ 
played.  This  can  lead  to  the  expensive  rejection  of  material 
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otherwise  satisfactory,  but  which  fails  to  satisfy  some  un¬ 
necessarily  stringent  limits  derived,  quite  possibly,  from 
the  factor  of  ignorance  which  applied  at  the  time.  Certain 
speakers  claimed  that  fracture  mechanics,  or  preconsiderations 
such  as  LEO,  could  now  produce  more  factual  estimates  of  the 
size  and  number  of  defects  which  could  be  tolerated  in  a  given 
instance.  Obviously,  this  will  lead  to  the  drastic  revision 
of  standards  of  acceptance  in  the  earlv  future  but  if  we  can 
save  upon  labor  and  materials  by  such  means,  this  conference 
will  have  done  a  pretty  useful  job. 

On  the  contrary,  there  are  problems  in  the  engineering 
world  which  demand  the  application  of  very  sophisticated 
methods  of  testina.  Some  of  the  latest  developments  have 
been  described  in  the  papers. 

We  had  also  an  interesting  second  session  devoted  to 
"environmental  effects"  which  included  considerations  of 
stress  corrosion  and  cavitation  erosion.  Here  again,  an 
element  of  controversy  enlightened  the  proceedings. 

In  fact  so  long  as  we  are  never  satisfied  with  the  state 
of  Rome,  there  is  hope  for  the  future  of  testing. 
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Appendix  to  Paper  III-l 


IvIETALLURGY  APPLIED  TO  THE  SELECTION  OF  METALS# 

D.  Birchon 


Admiralty  Materials  Laboratory,  Holton  Heath,  U.  K. 


The  optimum  design  of  any  structure  can  only  be  achieved  by  a  judicious 
blend  of  experience,  ingenuity,  design  philosophy,  economics,  materials 
selection  and  choice  of  fabrication  processes.  Each  of  these  considerations  is 
related  to  the  others, and  none  can  be  properly  discussed  without  reference  to 
the  others.  Of  these  aspects,  materials  selection  is  sometimes  treated  lightly 
due  to  the  complexity  of  the  arguments  involved.  This  is  unfortunate,  since  the 
materials  selected  affect  almost  every  aspect  of  subsequent  design  and  con¬ 
struction,  and  the  basis  of  their  selection  should  therefore  embrace  every 
known  mechanical  and  environmental  condition  to  which  they  will  later  be 
subjected. 

Design  Philosophy 

In  each  type  of  engineering  there  are  overall  design  philosophies  peculiar 
to  that  particular  industry,  and  these  have  an  important  bearing  upon  the  choice 
of  materials  and  fabrication  techniques. 

In  the  automobile  industry,  the  finished  machine  is  required  to  be  reasonably 
light  and  rigid,  adapted  to  mass -production  techniques  and  able  to  withstand  the 
rigours  of  a  fairly  long  life  under  widely  varying  climatic  conditions,  often  in  the 
face  of  indifferent  and  infrequent  maintenance.  The  finished  product  must  also 
have  consumer  appeal. 


In  the  aeronautical  industry,  the  structure  must  be  very  light,  adaptation 
of  the  design  for  mass -production  techniques  and  minimum  cost  is  often  less 
important  than  in  the  automobile  industry,  the  required  life  in  terms  of  hours  of 
operation  is  generally  shorter,  and  the  structure  and  components  are  subjected 
to  frequent  and  rigorous  inspection  and  maintenance.  However,  there  are  wide 
extremes  of  temperature  and  loading,  and  stress  levels  are  relatively  high. 

In  marine  and  heavy  engineering,  very  long  lives  are  required.  Structures 
are  often  very  heavy  and  stress  levels  may  be  relatively  low.  These  requirements 
are  backed  up  by  steady  and  maintained  maintenance,  though  this  is  generally  of 
less  rigorous  nature  than  that  common  in  the  aircraft  industry.  In  marine  engineering. 


^Originally  presented  to  Second  International  Engineering  Materials  and  Design 
Conference,  London,  November  1961. 
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a  further  complication  is  provided  by  wide  extremes  of  temperature  and  loading 
in  a  marine  atmosphere  and  also,  in  many  cases,  by  the  presence  of  sea  water, 
which  is  an  effective  electrolyte. 

Within  any  given  industry  there  are  further  variations  in  the  design  philosophy. 
This  may  be  illustrated  for  marine  engineering  as  follows. 

In  the  Mercantile  Ivlarine  the  material  is  normally  selected  to  be  the  most 
economic  in  terms  of  first  cost  (including  fabrication,  installation,  etc.  )  and 
efficiency  of  function  to  give  the  required  life.  These  considerations  are  assisted 
by  the  fact  that  loadings,  voyage  durations,  repair  facilities  and  schedules  are 
generally  fairly  well  established  in  advance.  In  naval  applications,  economy  in 
cost  is  just  as  important,  but  there  are  often  overriding  requirements  such  as 
integrity  under  onerous  conditions  of  loading  and  strain  rate,  often  accompanied 
by  low  temperatures,  and  the  necessity  to  be  able  to  withstand  the  results  of  major 
damage  to  neighbouring,  or  even  partially  supporting  structures.  Materials 
likely  to  be  in  short  supply  in  an  emergency  must  be  used  as  little  as  possible, 
and  in  some  cases  it  is  desirable  to  base  the  philosophy  of  design  and  materials 
selection  upon  easy  replacement  or  repair  of  damaged  components,  under  difficult 
conditions,  in  an  emergency.  In  the  case  of  materials  for  weapons  of  all  types, 
the  missile  structure  will  finally  be  destroyed  and  we  have  the  competing  require¬ 
ments  of  selecting  the  cheapest  and  most  readily  available  material  which  must, 
at  the  same  time,  be  capable  of  being  stored  for  long  periods  without  any  deteriora¬ 
tion  in  the  efficiency  of  the  weapon,  yet  it  must  withstand  launching  and  flight  loads 
and  the  inevitable  rough  handling  prior  to  launching  in  action.  In  this  type  of 
application  a  proper  consideration  of  alternative  constructional  methods  is  the  only 
way  in  which  the  most  intelligent  and  closely  integrated  design,  material  selection, 
construction  and  testing  procedure  can  be  evolved.  This  naturally  requires  the 
materials  engineer  to  have  a  close  appreciation  of  the  function  to  be  performed  by 
the  equipment  and  adequate  knowledge  and  appreciation  of  the  tolerances,  both 
dimensional  and  functional,  which  can  be  accepted. 

The  necessity  for  close  collaboration  between  the  metallurgist,  chemist, 
designer  and  user  is  not  always  fully  appreciated,  nor  is  this  collaboration  always 
easily  achieved.  Designers  can  only  base  their  calculations  upon  firm  figures, 
whereas  the  metallurgist  is  often  painfully  aware  of  the  shortcomings  of  available 
information,  and  sometimes  can  only  discuss  things  in  terms  of  probabilities. 

The  most  important  role  of  the  metallurgist  in  this  context  lies  in  ensuring 
that  the  whole  basis  of  the  design  is  not  invalidated  by  some  particular  and  un¬ 
expected  deterioration  in  the  integrity  of  the  material,  due  to  the  operating  con¬ 
ditions.  For  instance,  he  must  ensure  that  there  is  no  susceptibility  to  stress- 
corrosion  cracking  if  the  environment  can  give  rise  to  suitable  conditions  for  this 
form  of  attack.  Or  it  may  be  that  a  particular  manufacturing  technique  will  lower 
the  fatigue  strength  of  the  finished  component  below  that  to  be  expected  from  the 
intrinsic  resistance  of  the  bulk  material.  It  is,  therefore,  important  to  note  that 
the  mechanical  properties  of  materials  are  no  more  than  a  guide  to  their  behaviour 
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in  service,  >  and  it  is  only  by  the  closest  and  most  intelligent  co-operation  of 
designers,  metallurgists,  production  engineers  and  users  that  the  most  efficient 
choice  of  metal  may  be  made  for  the  more  difficult  applications.  One  of  the  most 
important  fruits  of  such  collaboration  lies  in  the  fact  that  a  change  in  the  metal 
employed  can  often  be  combined  with  a  simplified  manufacturing  process  to  produce 

a  more  efficient  product,  i.  e.  one  which  combines  adequate  strength,  etc  with 
lower  cost.  "  ’ 


For  the  purposes  of  discussion  we  may  consider  the  selection  of  a  material 
for  one  of  the  more  difficult  applications,  to  be  made  up  of  the  considerations  set 
out  in  Table  1.  These  will  now  be  discussed  briefly,  in  turn,  illustrated  by  some 
examples  from  service  and  supported  by  some  references  which  may  assist  further 


lecie  I  >omt  joctort  in  iht  ttit<unn  of  o 


FUNCTION 

- 1 - - - 

Ri|idtiy 


Oimeniionil 

sobility 


Special 

properties 

required 


Compatability 
:iear  1  Hjriienic 


Limitations  Ava 

due  to 

pre^erreJ  p— — ■ 

manufacturing  In  normal 

technique  conditions 


Availability 


conditions  amerjency 


•red  meihod 
ainienjnce 


Stren^th'Wciiht 

ratio 


Related  to 
section  sue 


Effect  of 
surface  films 
formed  in 
service 


I  Strenjth 

Oxidation  at  hi{h 
resistance  temperatures 

Ductility 
at  low 

temperatures 


Service 

conditions 


Permanent 

mould 


Weldability 


ng  Electro- 

forming 


Corrosion 

fatigue 


Fatigue  induced 
by  fretting 
corrosion 


Resistance  to  particular 
forms  of  deteriotation 


Impingement 

attack 


Liquid  mttal 
penetration 


Creep  Thermal 
shock 


Possibility  of 
protection 


Amount  of  acceptable 
detenorat  ton 


Relative  value  and  cost 
of  protective  treatment 


Strength  and  Weight 


The  necessary  strength  might  appear  to  be  the  simplest  consideration,  since 
it  may  be  based  solely  upon  design  loads.  Unfortunately,  this  is  not  true,  particu- 
in  sale  f. "‘"3"  f “"‘T^als  are  required  and  the  structure  is  required  m 
n-  ’-I  t  ^  point/u.  t.  s.  ratio  is  often  associated  with  a 

g  tensile  strength  and  this  may  inhibit  the  ability  of  a  component  or  structure  to 
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deform  sufficiently  to  redistribute  peak  stresses,  with  the  result  that  fracture 
rather  than  distortion  may  follow  an  unavoidable  overload.  The  choice  of  a 
metal  of  lower  ultimate  tensile  strength  may  result  in  a  safer  structure  because 
peak  stresses  can  be  reduced  and  distributed  by  local  yielding.  Again,  a  high 
tensile  strength  is  accompanied  by  an  increase  in  susceptibility  to  stress  con¬ 
centrations.  For  example  the  big -end  bolts  of  a  highly  rated  diesel  engine  were 
constructed  of  steel  of  75  t.  s.  i.  ultimate  tensile  strength  in  order  to  use  the 
smallest  practical  size  of  bolt  whilst  still  ensuring  a  reasonable  factor  of  safety 
between  the  pre -stress  in  the  bolt  and  the  proof  stress  of  the  material.  The 
inevitable  minute  relative  movements  between  the  central  fitting  portion  of  the 
bolt  and  the  contacting  surfaces  in  the  bolt  holes  in  the  big  ends  when  the  engine 
was  running  caused  fretting  corrosion"^  of  the  bolts.  Fatigue  cracks  were  initiated 
from  these  areas  and  this  resulted  in  fatigue  failure  of  one  bolt,  followed  by  rapid 
tensile  failure  of  the  other  and  considerable  damage  to  the  engine  from  the  dis¬ 
connected  connecting  rod.  When  replacement  bolts  in  the  same  material  were 
tempered  down  to  a  tensile  strength  of  60  t.  s.  i.  reducing  the  apparent  factor  of 
safety  calculated  on  the  proof  stress /peak  stress  ratio,  no  further  failures  occurred, 
due  to  the  reduced  sensitivity  of  the  steel  to  fatigue  failure  from  the  inevitable 
surface  fretting  which  still  occurred.  Similar  considerations  apply  with  even 
greater  force  to  large  sections,  in  which  surface  notches  may  have  a  proportionally 
more  damaging  effect. 

The  concept  of  a  factor  of  safety  is  vital  in  engineering  design,  yet  it  can  be 
very  misleading  whenever  complicating  circumstances  arise.  A  case  of  particular 
importance  is  whenever  stress  corrosion  can  take  place.  Cases  sometimes  arise 
in  which  a  component  can  suffer  from  stress  corrosion  cracking,  and  an  alternative 
material  may  be  advised  having  lower  tensile  strength  but  immune  to  cracking 
under  the  particular  conditions  involved.  In  such  cases  the  reduction  in  the  appar¬ 
ent  factor  of  safety  should  not  be  allowed  to  interfere  with  the  selection  of  the  better 
material. 

Considerations  of  strength  and  weight  are  often  closely  linked,  as  in  the  case 
of  rotating  components  in  which  the  self -induced  centrifugal  stresses  may  represent 
a  considerable  proportion  of  the  total  stresses.  Tabulated  strength/ weight  data 
must  be  interpreted  with  caution,  since  high  temperatures  may  be  involved,  as  in 
gas  turbines,  steam  generators,  etc.  ,  and  not  only  must  the  strength  properties 
used  relate  to  the  temperature  of  operation,  but  resistance  to  creep  must  also  be 
considered.  This  is  often  affected  by  orientation  effects  within  the  material,  and 
care  is  then  necessary  in  relating  creep  properties  obtained  in  the  longitudinal 
direction  of  the  metal  to  the  performance  to  be  expected  if  the  working  stresses 
are  in  a  different  direction.  In  marine  applications,  the  possibility  of  contami¬ 
nation  by  chlorides  and  the  salt  in  the  atmosphere  must  always  be  considered. 
Particles  of  chloride  deposited  on  the  surfaces  of  stainless  iron  turbine  blades  or 
light  alloy  compressor  blades  may  cause  pitting  or  cracking,  which  can  then 
initiate  fatigue  or  tensile  failure.  Selective  deterioration  of  this  type  invalidates 
design  calculations  unless  proper  consideration  is  given  to  the  initial  selection  of 
material  and  fabrication  technique. 
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One  of  the  most  spectacular  examples  of  weight  saving  in  marine  engineer¬ 
ing  is  provided  by  vessels  such  as  the  40, 000 -ton  Oriana,  which  has  the  largest 
welded  light  alloy  superstructure  in  the  world.  The  weight  of  this  superstructure 
is  1,  040  tons,  and  represents  a  saving  of  approximately  1,  500  tons  compared  with 
a  similar  structure  in  steel. 

Less  spectacular  but  very  valuable  weight-saving  can  be  achieved  in  small 
pressure  vessels,  and  strength  members  of  aircraft  and  missiles  by  chemical  or 
electrolytic  machining  procedures,  in  which  metal  is  removed  in  a  square  grid 
or  similar  pattern,  to  provide  maximum  strength  and  stiffness  with  minimum 
weight. 

Rigidity 

The  rigidity  of  a  structure  is  a  function  of  the  elastic  modulus  of  the  material, 
the  dimensions  and  sectional  shape  of  the  component,  the  way  in  which  it  is  sup¬ 
ported,  and  the  relationship  between  the  frequency  of  vibrations  imposed  upon  it 
by  external  influences  and  the  natural  frequency  of  vibration  of  the  structure. 

Large  marine  propeller  and  crank  shafts  provide  examples  of  components  in  which 
there  may  be  particular  speed  ranges,  within  the  operational  range,  in  which  a 
resonant  vibration  can  be  excited.  The  large  amplitude  of  these  vibrations  may 
not  only  be  embarrassing  from  the  point  of  view  of  noise,  it  may  cause  stresses 
large  enough  to  initiate  fatigue  failure.  Alternatively,  a  degree  of  elasticity,  or 
even  of  plasticity,  may  be  desirable  to  minimise  peak  stresses  due  to  sudden  over¬ 
loads  caused  by  external  agencies.  This  is  especially  true  of  large  bolts  or  studs 
required  to  retain  structures  subjected  to  occasional  violent  loads. 

The  degree  of  rigidity  is  largely  a  design  matter,  often  involving  a  delicate 
compromise  between  what  is  desirable  and  what  is  attainable,  as  evidenced  by 
final  designs  in  which  proper  rigidity  is  secured  for  specified  operating  conditions, 
but  limitations  are  imposed  outside  these  conditions.  For  instance,  large  engines 
must  sometimes  be  taken  through  particular  speed  ranges  quickly  during  starting 
up  to  minimise  the  time  available  for  the  development  of  induced  vibrations.  Other 
large  structures,  such  as  bridges,  must  be  protected  from  the  influence  of  exciting 
vibrations  at  particular  frequencies,  as  evidenced  by  speed  limits  on  trains,  dis¬ 
ciplined  groups  of  marchers  breaking  step,  etc. 

The  amplitude  of  induced  stresses  may  be  reduced  or  limited  by  introducing 
damping  into  the  structure.  This  can  be  done  in  one  of  two  ways,  either  by  intro¬ 
ducing  mechanical  damping  or  by  the  use  of  materials  of  intrinsically  high  damping 
capacity.  The  inherent  damping  capacity  of  the  majority  of  engineering  materials 
is  so  low  that  it  is  usually  swamped  by  the  unavoidable  structural  damping  due  to 
friction  at  joints  and  in  bearings  and  so  on  in  the  structure.  However,  materials 
such  as  cast  iron  have  long  been  used  because  of  their  useful  damping  capacity, 
and  new  materials  combining  exceptionally  high  damping  capacity  with  useful 
mechanical  properties  are  now  being  developed.  These  materials  must  be  selected 
and  prepared  with  appropriate  regard  for  their  other  properties,  since  their 


resistance  to  corrosion  or  wear  may  be  inferior  to  that  of  other  materials  of 
similar  strength,  but  it  is  considered  that  recent  developments  will  open  up 
entirely  new  concepts  in  the  application  of  high  damping  alloys  in  engineering 
design.  This  is  illustrated  by  a  comparison  of  the  damping  capacity  of  one  of 
the  recently  developed  alloys  with  that  of  some  conventional  metals  in  Fig.  1. 
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Fig.  1 .  Torsional  damp¬ 
ing  capacity,  at  ap¬ 
proximately  10  c/$.  of 
a  group  of  materials 
tested  at  room  tem¬ 
perature. 


Dimensional  Stability 

In  large  structures  such  as  hulls,  bridges,  cranes,  etc.  ,  small  dimensional 
changes  due  to  relief  of  residual  stresses  are  unlikely  to  be  of  practical  importance, 
but  there  are  cases  in  which  close  dimensional  stability  must  be  maintained  for 
prolonged  periods  of  time.  This  is  true  of  large  turbine  rotors  and  blades  in  which 
the  tip  clearance  is  necessarily  small,  small  instrument  components  and  structures 
such  as  waveguides  for  radar  equipment,  in  which  extremely  close  dimensional 
tolerances  must  sometimes  be  maintained  in  long,  thin  structures.  In  this  type  of 
application  judicious  selection  of  material  and  stress  relieving -machining  schedules 
may  be  essential.  In  welded  structures  the  distortion  resulting  from  welding  must 
be  allowed  for.  In  general,  a  weld  bead  deposited  on  a  fairly  large  component  will 
^  be  in  a  state  of  considerable  longitudinal  tension.  In  fact,  welding  is  sometimes 

used  as  a  means  of  correcting  distortion,  but  this  is  a  procedure  which  must  be 
applied  with  caution.  An  example  of  unexpected  contraction  was  provided  when  the 
'  damaged  surface  of  a  propeller  shaft  was  repaired  by  welding  and  it  was  subse¬ 

quently  found  that,  due  to  the  particular  welding  technique  employed,  the  length  of 
the  shaft  had  decreased  by  1  1/4  in.  ^  In  fact,  a  packing  piece  had  to  be  inserted 
before  it  could  be  fitted  back  in  the  boat. 
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Compatibility 


In  nuclear  reactors,  the  stringent  precautions  necessary  to  ensure  com¬ 
patibility  between  the  fuel  and  canning  materials  and  coolant  has  brought  this 
term  into  prominence.  Compatibility  is  also  important  in  other  parts  of  the 
circuit  where  corrosion,  the  ability  to  slide  or  rotate  or  the  elimination  of 
elements  having  long  half  lives  following  irradiation  effects  is  essential. 

In  marine  engineering  one  is  always  concerned  with  the  effects  of  sea  water„ 
Sea  water  is  an  efficient  electrolyte  and  electrically  coupling  dissimilar  materials 
in  the  presence  of  sea  water  provides  a  familiar  pattern  of  disaster  as  current 
flows  from  one  material  to  the  other,  accompanied  by  dissolution  of  the  anode.  A 
classical  case  is  that  of  a  bronze  propeller  on  a  steel  shaft  fitted  to  a  boat  with  a 
steel  hull.  Currents  flow  between  the  propeller  and  the  neighbouring  steel,  and 
there  is  rapid  pitting  on  the  shaft  and  the  hull  unless  suitable  protective  measures 
are  employed.  These  may  take  the  form  of  an  efficient  paint  system  on  the  hull 
and  shaft,  aided  by  local  sprayed  metal  or  glass  cloth  and  resin  protection  of  the 
shaft,  cathodic  protection  from  sacrificial  zinc  or  magnesium  anodes,  or  im¬ 
pressed  current  from  carbon,  platinum  or  lead-silver  anodes. 

Materials  selection  in  cases  where  galvanic  corrosion  can  occur  is  based 
mainly  upon  avoiding  metallic  contact  between  dissimilar  materials  which  are 
both  in  contact  with  the  water.  This  can  sometimes  be  secured  by  avoiding  dis¬ 
similar  materials  altogether,  or  by  electrically  insulating  one  from  another,  or 
by  coating  one  material  with  another  more  compatible  with  the  remainder  of  the 
structure,  or  by  ensuring  that  the  corrosion  occurs  in  a  place  where  it  can  be 
tolerated,  or  by  selecting  materials  which  are  themselves  mutually  compatible. 

Consideration  of  the  relative  potentials  in  sea  water,  as  shown  in  Table  2, 


'  iiiinnu-: 

ijf  2S 

front  DEhSOOO 

Mctennl 
.’./id  ifs  .illoys 
Z-fK  and  Its  alh -ys  . 

CadfTKuni  pUip  on  siccl 
A[i;iTiiniijni--alloy-cl.id  DFD  687 

'last  aiunnniuni  (BS  1490.  LM4.  LM6.  LM9) 


t  I'iiilf  in  soo-t 


Volts 
~  I  60 
I  05  to  -  I  10 
-  0  80 
-  0  90 


.  NS3.  N4. 
HI4-I5) 


Wrought  aluminium  (BS  1470-1  I.  1C 
Duralumii.  tyr)e  (unclad)  (BS  1470-77 
I'on  and  steel  (not  corrosion  resisting) 

12%  chromium  BS  1630 
18^-;,  chromium  2%  nickel  BS  S80 
18%.  chromium  8%  nickel  austenitic  BS  970  En58 
Lead 

Terne  plate 

Tin.  tin-lead  solders  and  tin  plati/tg  on  steel 
Chromium  plating  on  steel  or  nickel-plated  steel 
Copper  and  its  alloys  (brass,  bronze,  etc.) 
Nickel-copper  alloys  (BS  1526,  1529.  1532.  1535) 
Nickel  plating  on  steel 
Silver  solder  BS  1485.  Type  3 


HIO) 


T  Itanium 

)fi  f  hr  presenc  ( 
galvam.  efforts  if 


-0  75 

0  60 
-  0  70 
-0  45 
-0  35 
:c  -0  20 
--0  55 

-  0  50 
-0  45  to  0  50 
-  0  45  to  0  50 

-0  25 
-0  25 

-  0  15 
•  0  20 

0 

0 


of 


an  olcttrnlyte.  a  material  will  corrode  due  to 
I  IS  flerirically  coupled  to  a  metal  listed  below 
ho  thfivo  fable 


•4 


468 


or  some  other  appropriate  environment,  is  of  value  in  these  cases,  but  it  is  not 
always  possible  to  define  a  voltage  bracket  within  which  materials  may  safely  be 
coupled  together.  This  is  due  to  a  number  of  complicating  factors,  such  as  the 
effects  of  surface  films  and  debris,  polarisation  phenomena  and  local  variations 
in  electrolyte  composition.  For  instance,  stainless  steel  and  nickel  may  be 
active  or  passive,  and  their  position  in  the  table  varies  considerably  between 
these  conditions.  Nevertheless,  the  table  can  be  used  as  a  basis  for  the  intelli¬ 
gent  selection  of  metals  which  must  be  coupled  together  and  bridged  by  an 
electrolyte. 

The  ratio  of  the  effective  anode /cathode  area  is  also  important,  since  a 
small  anode  coupled  to  a  large  cathode  may  result  in  rapid  and  complete  pene¬ 
tration  at  the  anode.  Similarly,  the  protection  of  a  surface  by  a  more  noble 
material  can  be  a  dangerous  practice  if  the  surface  is  ever  allowed  to  become  wet. 

It  is  virtually  impossible  to  ensure  that  the  protective  coating  will  never  be 
locally  penetrated  and  if  this  occurs  the  tiny  anode  exposed  on  the  base  material 
will  suffer  rapid  corrosion  stimulated  by  the  large  cathodic  deposit  on  the  surface. 
An  example  of  this  effect  was  provided  by  a  propeller  shaft  in  which  a  high  strength 
hollow  steel  shaft  was  coated  with  a  layer  of  electro -deposited  nickel  in  a  mis¬ 
guided  attempt  to  prevent  corrosion.  Some  fouling  occurred  and  barnacles  clinging 
to  the  surface  of  the  nickel  created  local  variations  in  oxygen  concentration, 
setting  up  a  galvanic  cell  between  active  and  passive  areas  on  the  nickel,  until  it 
became  perforated.  These  small  holes,  only  1/3Z  in.  to  1/16  in.  diameter, 
exposed  the  steel  shaft  to  seawater,  and  the  very  small  anode/cathode  ratio  between 
the  small  area  of  steel  and  the  large  surface  area  of  the  nickel  resulted  in  rapid 
dissolution  of  the  steel.  Very  large  pits  up  to  1  in.  in  diameter  and  1/4  in  deep 
therefore  developed  underneath  the  nickel  plating  (Fig.  2)  and  no  trouble  was  sus¬ 
pected  until  the  shaft  failed  by  fatigue  (Fig.  3)  from  one  of  the  larger  pits.  Simi¬ 
lar  effects  can  occur  if  noble  hard  facing  alloys,  such  as  those  containing  large 
quantities  of  nickel,  chromium,  cobalt  and  boron,  are  used  to  provide  a  hard 


Fig.  2.  Trinsverse  section  of  shaft  showing  small  hole  in  outer 
nickel  plate  which  caused  a  large  pit  in  the  hollow  steel  shaft. 
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Fig  3  (right).  Fatigue  failure 
of  the  nickel-plated  shaft 
shown  in  Fig.  2,  through  one 
of  the  large  pits. 


a 


surface  on  less  noble  metals  such  as  steel.  It  is  virtually  impossible  to  ensure 
that  such  deposits  will  remain  pore  -  and  crack-free  in  service,  and  serious 
deterioration  of  the  underlying  metal  is  then  inevitable  if  the  surface  operates  in 
an  electrolyte. 

Compatibility  is  also  important  where  materials  must  be  in  contact  with 
food,  and  this  factor  must  be  considered  in  food  factories,  breweries,  etc.  The  * 

desirable  conditions  here  are  the  elimination  of  widely  dissimilar  materials  in 
situations  in  which  they  can  be  bridged  by  an  electrolyte,  and  the  elimination  of 
toxic  metals,  contaminants  and  crevices.  The  design  of  containers  with  easily 
cleaned  contours  sometimes  imposes  particular  manufacturing  techniques  and 
these,  in  turn,  can  exert  an  influence  upon  the  selection  of  suitable  materials,  but 
in  general  problems  of  this  sort  are  not  particularly  difficult. 

Special  Properties 

These  properties  may  be  of  minor  importance,  or  they  may  form  the  corner¬ 
stone  upon  which  the  whole  design  must  be  based,  as,  for  instance,  if  such  attributes 
as  the  electrical  properties  or  neutron  transparency  of  the  final  component  are  of 
prime  importance.  The  important  considerations  here  are  ensuring  that  the  manu¬ 
facturing  technique,  and  forseeable  deterioration  effects  in  service,  cannot  destroy  ■* 
the  vital  functional  properties  of  the  component. 
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Cost  Factors 


An  attempt  to  separate  functional  factors  from  those  of  cost  must  be  arti¬ 
ficial.  But  it  does  serve  a  useful  purpose  to  attempt  such  a  division,  and  for  the 
purposes  of  this  paper  the  following  aspects  are  considered  under  the  general 
heading  of  cost,  since  it  is  by  control  of  these  factors  that  the  overall  cost  of  a 
component  or  structure  can  be  largely  controlled. 

Required  Life 

This  is  often  a  very  delicate  problem,  in  which  the  initial  cost  of  the  basic 
material  and  any  protective  treatments  must  be  balanced  against  the  cost  of 
regular  maintenance.  Small  components  and  relatively  small  assemblies  may 
also  be  dealt  with  by  designing  for  limited  life  and  easy  replacement,  but 
large  structures  must  be  designed  for  long  lives  and  easy  repair  of  small  areas 
as  necessary.  The  most  important  considerations  here  are  those  concerned 
with  the  service  conditions.  Assuming  that  a  material  has  been  selected  that 
will  adequately  meet  the  strength  and  similar  functional  requirements,  its 
resistance  to  any  particular  forms  of  deterioration  to  which  it  may  be  sub¬ 
jected  in  service  must  now  be  assessed. 


Fatigue 

This  is  undoubtedly  the  most  common  single  cause  of  failure  in  service  and 
therefore  justifies  early  mention.  The  important  factors  are  that  the  choice  of 
the  material  must  be  combined  with  design  to  eliminate  stress  concentrations,  to 
ensure  that  the  working  stresses  remain  within  safe  limits,  and  to  ensure  that  a 
minor  unforseen  mishap  during  fabrication  or  assembly  cannot  invalidate  the  safety 
of  the  component. 

For  instance,  a  large  forging  for  a  turbine  rotor  may  be  required  in  an  alloy 
steel  having  considerable  hardenability.  If,  somewhere  between  manufacture  and 
final  assembly,  a  stray  weld  flash  is  produced  on  the  surface  of  such  a  rotor,  a 
locally  hardened  zone,  possibly  cracked,  and  certainly  with  a  most  unpleasant 
local  residual  stress  system  will  result,  and  this  may  well  initiate  fatigue  failure. 
The  responsibility  of  those  concerned  with  design  and  materials  selection  there¬ 
fore  extends  to  safeguarding  against  accidents  such  as  this. 


Almost  all  fatigue  failures  start  at  the  surface,  and  surface  finish  is  there¬ 
fore  extremely  important.  This  is  related  to  the  sensitivity  of  the  basis  material 
to  stress  concentrations^ ^and  therefore  to  the  ultimate  tensile  strength  of  steels 
as  illustrated  in  Fig.  4.  It  is  also  related  to  the  size  of  the  section;  in  general, 
becoming  more  important  as  the  size  of  the  component  increases. 


Most  engineering  materials  particularly  steels,  display  an  endurance  limit 
(of  the  order  of  50%  of  the  ultimate  tensile  strength  in  rotating -bending)  as  shown 
in  Fig.  5.  This  means  that  stress  cycles  below  may  be  repeated  indefinitely 
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NUMBER  OF  REVERSALS  - 


without  causing  failure.  However,  other  materials,  including  many  light  alloys, 
display  a  dipping  characteristic  such  as  AB  in  Fig.  5,  so  that  failure  is  inevitable 
in  a  finite  time,  even  with  very  low  stresses.  A  similar  effect  occurs  when  a 
material  which  normally  exhibits  an  endurance  limit  is  simultaneously  cyclically 
stressed  and  exposed  to  a  corrosive  environment.  Under  these  corrosion-fatigue 


conditions  there  is  no  endurance  limit,  and  the  use  of  a  material  of  higher  in¬ 
trinsic  fatigue  strength  will  only  slightly  improve  the  life  as  shown  by  CD  in 
Fig.  5.  The  sort  of  damage  which  can  be  caused  by  corrosion-fatigue  is  illus¬ 
trated  in  Fig.  6,  in  which  a  number  of  blunt  fissures  developed  simultaneously 


Fig.  6.  Multiple  corrosion-fitigue  cracking  »t  a  thread  root  in  a 
large  stud. 


at  a  thread  root,  until  the  stress -concentration  conditions  permitted  a  plain 
fatigue  crack  to  develop  and  extend  rapidly  across  the  section.  Failure  under 
these  conditions  can  only  be  prevented  by  preventing  corrosion.  It  is  most 
important  to  note  that  very  minor  corrosion  effects  can  cause  corrosion -fatigue 
failure,  since  it  is  only  necessary  for  the  corrosion  to  accompany  the  cracking, 
at  the  tip  of  the  crack.  Further  information  on  fatigue  is  given  in  references 
8,  9i  10  and  elsewhere. 

Corrosion 


Corrosion  is  a  major  problem,  particularly  in  marine  and  heavy  process 
engineering,  and  it  has  been  estimated  that  it  costs  ^600,  000,  000  annually  in  the 
U.  K.  in  damage,  lost  time  and  preventive  measures.  Much  has  been  written  on 
the  subject  and  on  preventive  measures. 

Corrosion  may  most  easily  be  prevented  by  excluding  the  corrosive  environ¬ 
ment  from  the  bare  metal  surface.  In  metals  such  as  stainless  steel,  aluminum 
alloys  and  many  copper-based  alloys,  the  natural  oxide  film  is  sufficient  protection 
for  many  applications;  and,  in  the  case  of  aluminum,  can  often  be  artificially 
thickened  by  anodising  to  resist  more  onerous  environments.  In  more  difficult 
cases  an  inert  protective  layer  such  as  a  properly  applied  paint  system,  or  a 
mechanically  strong  glass  fibre  and  resin  system  of  protection,  can  often  be  used. 
Plastics  coatings  are  also  very  useful,  since  they  combine  exclusion  of  the 
atmosphere  and  electrical  insulation  with  abrasion  resistance.  Joints  between 
dissimilar  metals  should  be  avoided,  or  insulated,  or  the  electrolyte  must  be 
excluded  from  the  surface  of  the  anodic  metal,  if  not  from  both  surfaces.  In  any 
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protective  system,  the  fail-safe  philosophy  must  be  observed  in  that  it  should  be 
impossible  for  a  small  anodic  area  to  be  exposed  (say  as  a  result  of  mechanical 
damage  to  an  inert  protective  coating)  coupled  to  a  large  cathodic  area,  since 
this  will  cause  very  rapid  pitting,  and  possibly  perforation,  of  the  anodic  material. 

Metallic  coatings  can  be  sacrificial,  as  in  the  case  of  Zinc  on  steel,  so 
that  local  penetration  is  accompanied  by  corrosion  of  the  coating  instead  of  the  * 

substrate.  But  in  cases  such  as  this,  electrode  reversal  effects  must  be  borne 
in  mind  since,  in  hot  water,  the  position  is  reversed  for  zinc  on  steel.  Finally, 
cathodic  protection^"^  can  be  employed,  either  by  using  sacrificial  anodes  of 
zinc  or  magnesium,  or  impressed  current  from  inert  carbon  or  platinum  or  lead 
anodes. 

Again,  a  judicious  choice  must  be  made  between  the  initial  material  cost, 
the  relative  value  and  cost  of  protective  treatments  and  regular  maintenance,  the 
frequency  of  repair  and  replacement  and  the  amount  of  deterioration  which  can  be 
accepted. 

Corrosion  is  an  aspect  of  materials  selection  in  which  it  is  remarkably  easy 
to  fall  out  of  the  frying  pan  into  the  fire.  A  simple  example  will  serve  to  prove 
this  point.  Materials  such  as  stainless  steel  rely  upon  an  abundant  supply  of 
oxygen  if  they  are  to  remain  passive.  The  effect  of  marine  fouling  on  a  nickel- 
plated  shaft  has  already  been  illustrated  (Figs.  3  and  4),  and  in  Fig.  7  the  results 
of  exposing  a  1/8  in.  thick  sheet  of  austenitic  stainless  steel  to  sea  water  fouling 
for  one  year  is  displayed.  Local  fouling  caused  the  perforation  shown,  and  very 
severe  wastage  by  crevice  corrosion  effects  is  evident  across  the  line  of  the  bolt 
holes,  where  the  plate  was  in  contact  with  its  neighbour.  Similar  effects  result  ^ 

wherever  oxygen  supply  is  restricted  to  such  materials,  as  in  glands  and  seals. 


Fig.  7  (above).  Severe  wasting 
and  penetration  of  a  j  in 
thick  austenitic  stainless  steel 
after  immersion  in  the  sea  for 
12  months. 
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Stress  Corrosion 


Stress  corrosion  cracking,  in  which  cracks  develop  with  time  in  the  presence 
of  tensile  stresses  within  the  elastic  limit  of  the  material  must  also  be  considered, 
and  typical  failures  are  shown  in  Fig.  8.  Caustic  embrittlement  is  an  example 


Fig.  8  (left).  Typical  stress- 
corrosion  cracking  in  a  brass 
tube  and  a  brass  lamp  fitting. 


often  experienced  in  boiler  drums.  Interstices  in  riveted  joints  provide  sites  for 
the  concentration  of  alkali  to  levels  at  which  cracking  occurs  in  the  steel.  This 
problem  has  now  been  almost  eliminated  by  the  adoption  of  welded  steel  drums. 
The  season  cracking  of  brass  illustrated  in  Fig.  8  is  another  well-known  example, 
but  perhaps  less  is  generally  known  of  the  stress  corrosion  cracking  of  stainless, 
steels.  Cracking  associated  with  the  grain  boundary  precipitation  of  carbides 
caused  by  welding  non-stabilised  stainless  steels  has  been  known  for  a  long  time, 
and  this  can  be  avoided  by  the  selection  of  stabilised  stainless  steels  containing 
titanium  or  niobium,  or  by  heat  treatment  to  ensure  that  the  carbides  are  retained 
in  solution.  However,  in  the  presence  of  high  temperature  and  pressure  water,  a 
trace  of  chloride  and  oxygen  can  result  in  the  cracking  of  stainless  steels  which 
are  in  no  way  sensitive  to  weld  decay  cracking  and  an  example  is  shown  in  Fig.  9. 
This  aspect  is  of  obvious  importance  in  the  choice  of  materials  for  steam  genera¬ 
ting  and  associated  machinery,  whether  conventional  or  nuclear,  particularly  for 
marine  purposes,  since  it  is  virtually  impossible  to  eliminate  all  traces  of 
chloride  contamination  in  plant  required  to  operate  for  prolonged  periods  in  a 
marine  environment. 

Brittle  Fracture 


With  a  decrease  in  temperature  the  mode  of  fracture  of  structural  steels 
changes  from  an  energy-absorbing  tough  and  ductile  fracture  to  a  rapid  brittle 
fracture  of  low  energy  absorption.  This  may  be  demonstrated  in  a  number  of 
ways.  One  of  these  is  illustrated  in  Fig.  10. 
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Fig.  9.  Stress-corrosion  cricking  of  lustenitic  stiinless  steel. 


Fig.  10.  Viriition  of  energy  tbsorption  tnd  fricture  appetrance 
with  temperature  of  liod  or  Chirpy  test. 


These  brittle  failures  may  be  catastrophic,  and  the  failures  of  Liberty  ships 
in  the  last  war  are  well  known.  Probably  the  best  known  of  these  is  the  U.  S.  S. 
Schenectady,  which  broke  in  half  while  fitting  out  in  still  water  at  an  air  and  water 
temperature  of  23  and  40  deg.  F.  respectively.  The  most  recent  case  of  dis¬ 
astrous  failure  in  a  ship  by  brittle  fracture  was  that  of  the  tanker  World  Concord 
built  in  1952,  which  broke  in  half  in  the  Irish  Sea  in  1954. 

Despite  publicity  given  to  brittle  fractures  in  ships,  they  are  by  no  means 
confined  to  marine  equipment,  and  an  analysis  presented  by  Boydl'^  listed  the 
following  known  failures: 
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* 


Type  of  Structure 

Storage  tanks 
Bridges 

Pressure  vessels 
Pipe  lines 
Turbo  generators 
Gas  cylinders 
Ships 
Ships 


Period 


Number  of  Failures 


1919  to  1959 
1936  to  1951 
1943  to  1958 
1950  to  1958 
1948  to  1958 
1940  to  1943 
1942  to  1946 
1946  to  1956 


29 

21 

10 

8 

13 

58 

32  major  fractures 
533  major  and  minor 
fractures  in  182 
ships 


These  fractures  were  usually  associated  with  a  low  level  of  overall  stress.  In 
the  case  of  the  Schenectady  the  mean  stress  in  the  deck  was  only  4  1/2  t.  s.  i. 

The  fractures  were  initiated  from  some  kind  of  notch  such  as  a  sharp  hatch 
cornerj  a  weld  defect  or  a  metallurgical  notch,  and  the  fractures  occurred 
instantaneously  and  with  a  loud  report.  These  fractures  are  always  characterised 
by  lack  of  plastic  deformation  at  the  fracture  and  characteristic  chevron  markings 
which  point  to  the  origin  or  origins  of  failure.  In  selecting  materials  for  use  in 
applications  where  brittle  fracture  is  a  possibility,  it  is  therefore  necessary  to 
integrate  suitable  design  with  materials  of  inherently  low  transition  temperature. 
Difficulties  sometimes  arise  when  it  is  necessary  for  high-strength  steels  to  be 
used  in  a  welded  structure,  and  special  steels,  electrodes  and  welding  techniques 
have  been  developed  for  these  purposes.  Under  irradiation  by  neutrons  from  a 
nuclear  reactor  considerable  damage  can  be  done  to  the  structure  of  a  metal  and 
one  effect  of  this  is  to  raise  the  transition  temperature  of  structural  steels 
(Fig.  11).  This  aspect  has  therefore  to  be  considered  in  the  selection  of  materials 


Fie  II.  Some  effects  of  irredittion  by  f»it  neutrons  on  the  proper¬ 
ties  of  ASTM  A212B  steel  C,  0  81 Mn,  0-2S';„  Si).  ASTM 

grain  size  S.  irradiattd  at  about  200  deg.  F.** 
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for  the  pressure  vessels  of  nuclear  reactors.  Plastic  strain  followed  by  ageing 
also  raises  the  transition  temperature  of  steel,  and  this  can  be  important  in  the 
case  of  bolted  assemblies  in  which  the  securing  studs  may  be  strained  during 
tightening. 

Creep 


This  may  be  defined  as  the  continual  deformation  with  time  at  constant 
stress  and  constant  temperature,  and  a  simple  family  of  creep  curves  is  illus¬ 
trated  in  Fig.  12.  At  a  given  temperature,  for  any  given  material,  the  stress 


Fig,  12.  Family  of  creep  curves  for  a  given  material  at  a  given 
temperature- 


level  will  decide  the  creep  rate.  At  low  stresses  this  may  fall  essentially  to  zero, 
to  give  negligible  creep  rate  over  a  long  time  as  shown  by  AB,  in  which  case 
fracture  may  finally  occur  at  C  with  little  total  elongation.  At  higher  stresses 
the  creep  rate  will  vary  a  little  during  the  process,  but  never  become  zero,  and 
failure  will  be  accompanied  by  a  shorter  life  time  and  greater  elongation  as  the 
stress  is  increased. 

Essentially  therefore,  in  designing  against  creep,  we  are  concerned  with 
finite  life,  some  deformation  during  service  and  the  effects  of  excursions  in 
temperature  due  to  minor  operational  hazards,  since  a  relatively  small  increase 
in  temperature  for  a  short  time  may  produce  a  disproportionate  creep  extension 
in  the  component.  It  is  also  necessary  to  ensure  that  proper  allowance  is  made 
for  directional  effects,  since  creep  data  are  normally  obtained  and  reported  for 
tensile  stress  in  the  longitudinal  direction  of  working  of  the  material.  Transverse 
creep  properties  are  sometimes  markedly  inferior,  and  these  properties  are 
important  in  large  rotor  discs,  internally  pressurised  tubes,  and  so  on. 


478 


Thermal  Shock 


Thermal  shock  is  a  problem  in  components  such  as  gas  turbine  blades, 
and  is  particularly  difficult  to  combat  with  metals,  due  to  their  inherently  high 
coefficients  of  expansion  which  set  up  correspondingly  high  strains  under  rapid 
temperature  cycles.  Fortunately,  the  ductility  of  metals  permits  much  of  these 
strains  to  be  accommodated,  with  the  result  that  brittle  fracture  is  avoided,  but 
repeated  thermal  shocks  can  cause  thermal  fatigue.  Cermets  and  ceramics 
show  promise  in  resisting  thermal  shock,  due  to  their  lower  coefficients  of 
thermal  expansion,  but  pose  other  problems  due  to  their  brittleness.  With  the 
materials  at  present  available  the  metallurgist  can  offer  little  solace  to  the 
designer  beset  by  problems  of  thermal  shock.  The  most  effective  remedy  is  to 
reduce  the  severity  of  the  shocks  by  design,  and  forced  slow  heating  and  cooling 
before  and  after  operation,  in  so  far  as  this  is  possible. 

Limitations  due  to  Preferred  Manufacturing  Technique 

The  importance  to  be  attached  to  manufacturing  techniques  varies  enor¬ 
mously  with  the  nature  of  the  component  involved  and  the  quantities  required. 
Common  methods  of  fabrication  involve  casting,  hot  and  cold  working,  welding 
and  the  use  of  pre -formed  sections.  In  every  case,  full  consideration  of  the 
problem  should  go  beyond  the  facilities  immediately  available,  and  beyond  pre¬ 
vious  practice.  For  instance,  shell  moulding  and  die  casting  can  enable  con¬ 
siderable  savings  to  be  made  in  machining,  if  the  quantities  involved  justify  the 
cost  of  the  patterns  and  dies.  Intricate  yet  lightly  loaded  components  can  often 
be  produced  as  sintered  metal  compacts,  with  a  spectacular  reduction  in  cost. 

In  one  case  known  to  the  author,  this  method  of  manufacture  reduced  the  cost  of 
a  component  to  5.  6%  of  the  price  of  a  similar  component  machined  from  a  stamp¬ 
ing. 


The  modern  techniques  of  cold  extrusion  and  ausforming  also  deserve  to 
be  more  widely  employed.  The  former  enables  mild  steel  and  similar  materials 
of  moderate  strength  to  be  cold  formed  to  intricate  shapes  and  close  tolerances, 
as  in  splined  shafts,  and  also  improves  their  properties  to  a  point  at  which  they 
can  ometimes  supplant  low  alloy  steels.  Ausforming,  in  which  the  steel  is 
heavily  deformed  during  an  interrupted  quench,  whilst  still  in  the  austenitic 
condition  results  in  an  extremely  fine  martensitic  grain  size,  enabling  ultimate 
tensile  strengths  in  excess  of  150  t,  s.  i.  to  be  achieved. 

The  major  problems  associated  with  choice  of  manufacturing  technique  are 
probably  those  of  machinability  and  weldability.  Difficulties  are  increased  in 
both  cases  as  the  size  of  the  component  increases,  especially  if  some  of  the 
fabrication  must  be  conducted  on  site.  It  is  a  vital  part  of  the  initial  materials 
selection  procedure  to  anticipate  these  difficulties  in  advance  and  ensure  that 
correct  techniques  are  applied  throughout  all  stages  of  fabrication  and  installation. 


Availability  and  Preferred  Method  of  Repair 

These  aspects  often  involve  policy  decisions,  and  may  require  to  be  con¬ 
sidered  under  both  normal  and  emergency  conditions,  depending  upon  the  nature 
of  the  application.  From  a  commercial  point  of  view,  direct  replacement  of  all 
smaller  items  is  normally  the  most  efficient  method.  V/ith  larger  components, 
however,  and  those  performing  a  vital  function  in  Service  equipment,  the  ability 
for  local  emergency  repair  may  be  necessary.  This  usually  influences  materials 
selection  through  choice  of  suitable  fabrication  and  assembly  techniques. 
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PROGRAM 

Wednesday,  May  10,  1967 


♦ 


« 


k 


8:00 

8:30 


Registration 

Official  Welcome 
Mr.  F.  S.  Williams 
P-4  Chairman 


Special  Address 
Mr.  J.  Barret  J.  C. 
Executive  Member  Subgroup 


P 


Introductory  Lecture 
Professor  R.  McCauley 
Ohio  State  University 


SESSION  I 

9:00-11:10  Case  Histories 

Chairman:  P.  J.  Todkill,  Canada-National  Leader 

Co-Chairman:  J.  A.  Holloway,  AF  Materials  Laboratory 

(1)  Selection/Development  of  NDT  for  Quantitative 

Prediction  of  Materials  Performance 
C.  H.  Hastings 

AVCO,  Space  Systems  Division 

(2)  Stress  Wave  and  Fracture  of  High  Strength  Metals 

G.  S.  Baker  and  A.  T.  Green 
Aerojet-General  Corporation 

(3)  Correlation  of  Testing  with  Service  Behavior  of 

Rubber  Components 
W.  C.  Wake 

Rubber  and  Plastics  Research 
Association  of  Great  Britain 

(4)  Nondestructive  Techniques  for  Segregating  20MM 

Machine  Gun  Barrels  Having  Low  Impact  Qualities 
E.  H.  Rodgers 

U.S.  Army  Materials  Research  Agency 

(5)  Anisotropy  Measurements  and  Their  Relationship 

to  the  Deep  Drawing  of  the  Hawk  Missile  Oil 
Accumulator  Housing 
R.  M.  Colton 

U.S.  Army  Materials  Research  Agency 
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11:10-11:30 


Panel -Discuss ion 


11:30-13:00  Lunch  ♦ 

SESSION  II  Environmental  Effects  ^ 

13:15-15:45  Chairman:  D.  A.  Dukes,  U.K. -National  Leader 

Co-Chairman;  J.  A.  Kies,  U.S.  Naval  Research  Laboratory 

(1)  Stress  Corrosion  and  Corrosion  Fatigue  Be¬ 

havior  of  250  KPSI  Maraging  Steel  in  Sea 
Water 

R,  D,  Barer 

Pacific  Naval  Laboratory 
Canada 

(2)  Cavitation  Erosion  Facilities  and  Developments 

at  the  U.S.  Applied  Sciences  Laboratory 

J.  2.  Lichtman,  D.  H.  Kallas  and  A.  Rufolo 
U.S.  Naval  Applied  Sciences  Laboratory 

(3)  Unsolved  Problems  in  Predicting  the  Behavior  of 

Concrete 

B.  Mather 

U.S.  Army  Engineer  Waterway  Experiment 

Station  ^ 

(4)  The  Cantilever  Beam  Stress  Corrosion  Test  -  A 

New  Philosophy  in  Corrosion  Testing 
M.  H.  Peterson 

UoS.  Naval  Research  Laboratory 

(5)  Catastrophic  Failure  of  an  Hydraulic  Accumulator 

F.  R.  Larson  and  F.  Lo  Carr 

U.S.  Army  Materials  Research  Agency 

15:45-16:15  Session-Panel  Discussion 
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Thursday,  May  11,  1967 


f 


i 


SESSION  III  Structural  Components  and  Composites 

8:30-10:45  Chairman:  G.  A.  Darcy 

U.S, -National  Leader 
Co-Chairman;  R.  R.  Whymark 
Tracor  Inc. 

(1)  Some  Factors  in  the  Selection  and  Correlation 

of  Non-Destructive  Testing  Techniques 
D.  Birchon 

Admiralty  Materials  Laboratory 
Holton  Heath,  UoK. 

(2)  Relationships  Between  Specimen  Performance 

and  Structure  Performance  in  Low-Cycle 
Fatigue 

M.  R.  Gross 

U.  S.  Navy  Marine  Engineering  Laboratory 

(3)  Evaluation  of  High  Performance  Rocket  Motor 

Cases  Using  Sub-Scale  Precracked  Models 
C.  M.  Carman 

Pitman-Dunn  Research  Laboratory 
Frankford  Arsenal 

(4)  The  Characterization  of  Composite  Material 

Defects  to  Allow  Correlation  of  Nondestructive 
Testing  with  Systems  Performance 
G.  Martin 

North  American  Aviation 
Los  Angeles  Division 

(5)  Low  Voltage  and  Neutron  Radiography  Techniques 

for  Evaluating  Boron  Filament/Metal  Matrix 
Composites 

J.  A.  Ifolloway  and  H.  Berger 

W.  F.  Sturke  Argonne  National  Laboratory 

Air  Force  Materials  Laboratory 

10:45-11:15  Session-Panel  Discussion 

11:30-13:00  Lunch 
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SESSION  IV 
13:15-15:45 


15:45-16:15 


Time: 

Speaker: 


Methods,  Techniques  and  Instrumentation 
Chairman:  N.  E.  Promisel 

Materials  Advisory  Board 
Co-Chairman:  E.  Roffman 

Secretary-Panel  4 
Frankford  Arsenal 

(1)  Designing  Nondestructive  Tests  to  Define 

Material  Characteristics 
R„  S.  Sharpe 

Nondestructive  Testing  Centre 
Atomic  Energy  Research  Establishment 
U.Ko 

(2)  Detection  of  Concealed  Cracks  Beneath 

Fasteners  by  Acoustic  Means 
R.  M.  Schroeer 
ARVIN  Sy,stems  Inc. 

(3)  Is  There  Any  Correlation  Between  Flaws  and 

Service  Performance? 

R,  Halms haw 

Royal  Armament  Research  and  Development 

Establishment 

U.K. 

(4)  An  Engineering  Basis  for  Establishing  Radio- 

graphic  Acceptance  Standards  for  Porosity 
in  Steel  Weldments 
H,  Greenberg 

Westinghouse  Research  Laboratories 

(5)  New  NDT  Techniques  for  Aerospace  Materials 

and  Structures 
E.  J,  Kubiak 

General  American  Transportation  Corp. 
Session-Panel  Discussion 


* 


■i 


SOCIAL  HOUR 
Thursday  Evening 

4 

18:00  -  Buffet  Dinner  -  Officers  Club 

Dr.  J.  B,  Rhyne,  Duke  University  * 


484 


Friday,  May  12,  1967 


'1 


SESSION  V  Workshop  on  Unsolved  Problems  and  Novel  Approaches 

08:30-10:45  Chairman:  L.  E.  Samuels 

Australia-National  Leader 
Co-Chairman:  C.  H.  Hastings 

AVCO  Space  Systems 
Division 


(1)  A  Coordinative  Effort  to  Solve  Industrial 
N.D.T.  Problems  in  Great  Britain-A  31  Me  V 
Betatron  Study  of  the  Production  of  High 
Integrity  Steel  Castings 

A.  Nemet 

Anthony  Nemet  Company 

U.K. 

(2)  Effect  of  Mechanical  Properties  on  the 
Velocity  of  Ultra-Sonic  Waves 

E.  W.  Kammer 

U.  S.  Naval  Research  Laboratory 

(3)  New  Approaches  for  Studying  Marine  Fouling 
Using  Laboratory  Reared  Organisms 
(Introduction  and  Movie) 

A.  Freiberger  and  D.  H.  Kallas 
U.  S.  Naval  Applied  Sciences 
Laboratory 

(4)  Process  Control  of  the  Dynamic  Crushing 
Stress  Property  of  Expanded  Paper  Honeycomb 

M.  Budnick 

U.  S.  Army  Natick  Laboratories 

Short  Prepared  Discussions  and  Supplemental 
Statements 


10:45-11:20 


Conference  Summary 


11:  30 


Lunch 


13:  30 


Adjournment 
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LIST  OF  SYMPOSIUM  PARTICIPANTS 


L.  H.  Adam 
G.  S.  Baker 
R.  D.  Barer 
J,  C.  Barrett 
A.  A.  Bender ly 
T.  Bennett 

D.  Birchon 

A.  Birk 

Mr.  Boisvert 

M.  L.  Budnick 

C.  M,  Carman 

F.  L.  Carr 
R.  M.  Colton 
R.  Coy 

G.  A.  Darcy 

D.  E.  Driscoll 
W,  A.  Dukes 

C.  H,  Dyer 
F.  H.  Edwards 
L.  L.  Forkas 
C.  Gardner 
■1.  Goldstein 

I.  Greenberg 
R.  E.  Griggs 
R.  Gross 

R.  Halmshaw 

C.  H.  Hastings 

H.  P.  Hatch 

E.  Hoffman 

J.  A.  Holloway 

D.  H.  Kallas 

L.  G.  Klinker 
W.  Koster 

F.  J.  Kubiak 

G.  Martin 

B.  Mather 

K.  Mather 
R.  McCauley 

J.  M.  Miller 

J.  Mills 

K.  W.  Moore 
A .  N  erne  t 

M.  H.  Peterson 
J.  Plexico 

N.  E.  Promisel 

E.  H.  Rodgers 

L.  E.  Samuels 
D.  Seltzer 

R.  M.  Schroeer 
R.  S.  Sharpe 


Frankford  Arsenal 
Aerojet  General  Corp. 

Pacific  Naval  Laboratory,  Canada 
Office,  Director  of  Defense  R  &  E 

Harry  Diamond  Laboratories  ^ 

Chanute  Air  Force  Base 

Admiralty  Materials  Lab.,  U.  K.  ^ 

Automation  Industries 

SAAMA,  Kelly  Air  Force  Base 

U.  S.  Army  Natick 

Frankford  Arsenal 

Army  Materials  Research  Agency 

Army  Materials  Research  Agency 

University  of  Dayton,  Research  Institute 

Army  Materials  Research  Agency 

Army  Materials  Research  Agency 

Ministry  of  Aviation,  U.  K. 

Navy  Ordnance  Lab. 

Bragg  Laboratory,  U.  K. 

Martin-Marietta  Corp. 

Southwest  Research 
Martin-Marietta  Corp. 

Westinghouse  R  &  D  Center 
DeLaval  Turbine  Inc. 

Marine  Eng.  Lab. 

Royal  Armament  R  &  D  Establishment,  U.  K. 

AVCO  Corp.  ^ 

Army  Materials  Research  Agency 

Frankford  Arsenal 

Air  Force  Materials  Laboratory 

Naval  Applied  Science  Laboratory 

Army  Research  Office 

Metcut  Research  Associates 

General  American  Transportation  Co. 

North  American  Aviation  Inc. 

Army  Engineer  -  Waterways  Experiment  Station 

Array  Engineer  -  VJaterways  Experiment  Station 

Ohio  State  University 

Army  Weapons  Command 

Chanute  Air  Force  Base 

Royal  Canadian  Navy,  Canada 

A.  Nemet  Co. ,  U.  K. 

Naval  Research  Laboratory 
Army  Missile  Command 
Materials  Advisory  Board 
Army  Materials  Research  Agency 

Defence  Standards  Labs.  Australia  < 

Martin-Marietta  Corp. 

Arvin  Systems,  Inc. 

Nondestructive  Testing  Centre,  U.  K.  *■ 
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R.  Socky 
H.  Sugiuchi 
P.  J.  Todkill 
W.  J.  Trapp 
W.  J.  Van  Arnhem 
W.  C.  Wake 

F.  S.  Williams 
R.  R.  Whymark 


General  Electric  Company 
Martin-Marietta  Corp. 

Dept,  of  Energy,  Mines  and  Resources,  Canada 
Air  Force  Materials  Laboratory 
Army  Material  Command 

Rubber  and  Plastics  Research  Association  of 
Great  Britain,  U.  K, 

Naval  Air  Eng.  Center 
Tracer,  Inc. 
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